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1 Introduction
Abstract
This thesis deals with visualizing intramolecular interactions in
small biomolecules. These intramolecular interactions drive the form-
ation of structures that allow biomolecules to execute their functions.
Visualizing of these interactions in our research takes place through
interpretation of the results of infrared spectroscopy and mass spec-
trometry. The infrared response and molecular fragmentation reveal
the relative strengths of different interactions. In this introduction the
main class of molecules studied in this thesis is introduced as well as
the techniques used during the research.
1
1 Introduction
1.1 Proteins: functionalities and structures
1.1.1 Properties of protein structure
Among the immense collection of functional and structural biomacromolecules,
the class of proteins plays a special role. Proteins are ubiquitous in living or-
ganisms. Several thousand different functional proteins are found in each cell.
Growth, motion, breathing, muscle contraction, immunization, digestion, photo-
synthesis, transportation of cellular components, sensation, reaction to external
changing environment, retention of genetic traits, etc. are just a few examples,
which all made possible by specific proteins. The function of each protein is en-
coded in its structure. The question of structure - function relations of proteins
has attracted attention of scientists from various disciplines.
A protein molecule consists of one or more so-called peptide chains, which are
strings of different amino acids. Amino acid molecules, the elementary building
blocks of proteins, compose the second largest component (water is the largest)
of human cells, tissues, etc. Proteins make up about 20% of the weight of human
beings. Only 20 standard amino acids are found in our proteins out of the po-
tentially infinite that could be formed by altering the side chain. From the small
number of 20 amino acids a huge number of proteins can be built by rearranging
their sequence. Nineteen amino acids are built up from a central carbon atom
(Cα), with an amino group (-NH2), a carboxylic acid group (-COOH), a hydrogen
atom and a side chain (see Fig 1.1). The 20th amino acid is Proline, in which the
side chain connects to the α-carbon, and also to the nitrogen atom forming a cyclic
structure. Figure 1.1 shows the chemical structure shared by these 20 amino acids
in their L type orientation.
Figure 1.1: General chemical structures of L-type α-amino acids (a) with an ex-
ception of L-Proline (b)
One may ask why the proteins are built from only these 20 α-amino acids,
rather than β-, γ-amino acids, or the chemically even simpler hydroxyl acids.
These 20 α-amino acids form peptide chains in a reaction between the basic
amino group and the acid carboxylic acid group, forming a so-called amide
linked peptide bond and releasing a water molecule. The formed planar amide
bond allows intramolecular hydrogen bonding and stabilizes the higher order
protein structures that dictate the functions of these biomolecules. Hydroxyl acids
would make up chains upon formation of ester links which would not allow
hydrogen bonds. Insertion of β- or γ-amino acids would lengthen the distance
2
1.1 Proteins: functionalities and structures
between two amide bonds and affect the stability of a peptide backbone. The
backbone fold is more compact when the peptide is made of the nature preferred
α-amino acids. The hydrogen atom present in the α position of an α-amino acid
(except for Proline) helps to reduce steric hindrance when the protein folds into
higher order three-dimensional structures. The sequence of amino acids with their
different side chains causes the linear chain to fold and curl trying to maximize
the interactions between all amino acids. This folding process into a particular
spatial configuration forms the essence of the functionality of proteins. Their
shape is adapted to the numerous functions they have. The three dimensional
realizations of proteins are called conformations.
Figure 1.2: Schematic diagram of four levels of protein structure. The primary
structure describes the sequence of amino acid residues in a peptide chain. The
secondary structure deals with the formation of local hydrogen bond (such as C13
H-bond (the donor and acceptor together with the chain connecting them form
a closed 13-members ring) shown here) through interactions between backbone
NH and C=O. The tertiary structure refers to the folding pattern (such as α-helix
included here) of a whole peptide, caused by not only the local backbone hy-
drogen bonding, but also the interactions involving side chains. The quaternary
structure depicts the composition and connection of the peptide chains making
up a whole protein. Figure adopted from iGenetics1
Theoretically, because of the flexibility of a protein, it can adopt numberless
conformations. Under physiological conditions, nearly always a specific con-
former is observed, stabilized by the multitude of intramolecular interactions.
The study and classification of structures of proteins dates back to a little over 60
3
1 Introduction
years ago. In 1952, the Danish biochemist Kaj Ulrik Linderstrom-Lang defined
levels in protein structure. He distinguished a primary, a secondary, a tertiary
and a quaternary structure of each protein (as can be seen in Fig. 1.2).2 The
primary structure of protein describes the sequence of amino acid residues in the
polypeptide chain. At this moment, of more than one hundred thousand proteins
the primary structure is known. The secondary structure refers to the local con-
formation of the backbone of the polypeptide chain. Intramolecular hydrogen
bonding forces segments of a peptide chain to adopt a regular folding pattern.
Depending on the number of amino acids involved in forming hydrogen bond
and the torsional angles of the backbone, patterns such as an α-helix, a β-sheet, a
β-turn or a γ-turn can be observed in the secondary structure of protein, see Fig.
1.3. The tertiary structure refers to the more subtle folding of the whole peptide,
including not only forces originating from the backbone but also interactions such
as hydrogen bonds involving side chain groups. The tertiary structure refers to
the spatial arrangement of all atoms in a peptide chain. When more than one
peptide chain is involved in a single protein, the non-covalent bonds between
the peptide chains cause them stay together, forming the quaternary structure of
the protein.
Figure 1.3: Hydrogen bonding schemes in a model peptide chain or between
two separate chains. C7 refers to a γ-turn, C10 to a β-turn, C13 to a α-helix, and
hydrogen bonds between two parallel stretched chains indicated by red dash
lines refer to β-sheet.
1.1.2 Forces in stabilization of protein structure
Why does a protein molecule fold into a conformation? What is the meaning
of stability of a conformer? Which factors control this process? Of course, the
external environment, in the form of the watery matrix or the lipid membranes,
4
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influences the 3-dimensional structure adopted by a protein, since interactions
of parts of the protein with the environment will compete with intramolecular
interactions. But intra-molecular interactions are of prime importance in the fold-
ing process. The forces that influence folding and conformational selection are
well known and are shown in Figure 1.4.
Figure 1.4: Interaction force for stabilization of three dimension struc-
ture of protein: (a) ionic bond (salt bridge), (b) hydrogen bond,
(c) disulfide linkages, and (d) dispersion forces. Figure adopted from
The Basics of General, Organic, and Biological Chemistry3
The typical bond strength and contribution a bond makes to the stability of
a protein structure are summarized in Table 1.1. Traditionally, these energies are
expressed in kcal/mol, a unit referenced to the energy needed to heat water. More
scientifically used quantities are kJ/mol (1 kcal/mol = 4.2 kJ/mol) or eV/molecule (1
eV/molecule = 96.5 kJ/mol). By using the equation E=kT (k=8.31 J/(mol·K)) we can
transfer energies to a temperature. Formally speaking a temperature is connected
to ensemble energies and is not directly useful, but the temperature associated
with a binding energy allows to obtain an estimate of the stability under various
circumstances. In the remaining the unit of energy is wavenumber for light or
5
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kcal/mol for molecules. Among these, the electrostatic interaction (also called
salt bridge interaction, main topic of chapter 5) is the most strong non-covalent
interaction. The electrostatic interaction occurs between side chains of opposite
charges, for instance a positively charged guanidine side chain of arginine and a
negatively charged carboxylic acid side chain of glutamic acid. The electrostatic
interaction can also occur between an induced dipole from polar function groups
or between an induced dipole and a charged group. Secondly, the hydrogen
bond (main topic of chapter 4), is everywhere present and due to its directional
nature important for stabilization of protein structure. Hydrogen bonds connect
an XH group (X=N, O, S etc.) with an atom with large electronegativity. The
hydrogen bonds formed by backbone NH and C=O groups, determine the local
folding pattern of the peptide chain. A special interaction found to be important
in folding and conformational dynamics is the stable but relatively weak cova-
lent disulfide bond. This disulfide bond is found in proteins containing cysteine
residues (relevant peptides discussed in chapter 4) or methionine residues. The
disulfide bond often connects different peptide chains. It is observed that the
protein will lose its activity once the disulfide bond is broken. Lastly, the weakest
interaction, but one that is present between nearly all atoms, is the Van der Waals
force resulting in so-called dispersion interaction (discussed in chapter 4). Also
the dispersive interaction is important for protein structure. It is an interaction
that results from instantaneous dipoles and often appears when group such as
NH, SH or OH gets close to phenyl ring (H-pi bonding) or two phenyl rings are
near each other (pi-pi stacking).
Table 1.1: Typical bond strength of the commonly seen intramolecular interac-
tions in proteins and their contributions to stabilize the structures of proteins
Type of forces Bond strength (kcal/mol) Structural energy
lowered (kcal/mol)
Salt bridge 3-8 0.5-54
Hydrogen bond 2-7 0.5-65;6
Disulfide bond 60 1-37
Dispersion interaction 1-28 1-29
Peptide bond 100 Not applicable
1.1.3 Methods for characterization of protein structure
We now know the properties of protein structures and the important interac-
tions that determine folding and stabilize structure. The next question is how to
characterize the three-dimensional structure. The most widely used techniques
probably are X-ray crystallography (also called X-ray diffraction or XRD) and nuc-
lear magnetic resonance (NMR) spectroscopy. X-ray crystallography emerged as
the first reliable technique for elucidating the three dimensional structure of large
biomolecules in the early 1950s.10;11 At this moment, more than 90% of the known
6
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protein structures have been determined using X-ray crystallography. The tech-
nique requires proteins to be in a crystalline form. The crystal structures may
differ from the structure in their native environment e.g. in solution. In practice,
a significant amount of purified protein is required for a successful diffraction
pattern. These aspects cause that the structures of many proteins await for the
arrival of another technique. For proteins that cannot be crystallized, NMR may
provide a solution. NMR can be used on proteins in solution and sometimes
can reveal even their dynamical behavior. Because of the improved strategies for
isotope labeling and continuous development in multidimensional heteronuc-
lear experiments, structural studies on proteins with molecular weights up to
70 kDa are becoming possible.12–14 However, NMR also requires relatively large
amounts of sample.
In addition to the aforementioned methods, aspects of the three-dimensional
structure of proteins can be revealed by many other techniques including infrared
spectroscopy15–17, fluorescence methods18–20, circular dichroism21;22, 2D-IR23;24,
etc. These methods study the structure of protein in solution, which is the most
biologically relevant environment. The structures identified may still differ from
those in the native environment. For example, trans-membrane proteins have
nonpolar side chains outside and are found in the hydrophobic environment.
This is very different with an aqueous solution. Clearly, acquiring the structural
properties of a protein molecule while being in the local functional environment
is very complicated and no generic solution exists to date.
Apart from the classic techniques for structural determination of proteins,
XRD, NMR and solution-based spectroscopic methods, several complementary
approaches which rely on gas phase measurements can also be employed to in-
vestigate structures of proteins. Properties of biomolecules such as intramolecu-
lar interactions, conformational preferences, population distributions, dynamics,
etc. are affected by interaction with the environment. Taken out of its natural
environment the intrinsic properties not only dominate but can often be studied
with much higher precision. Isolating molecules is an accomplishment in itself
certainly in the case of large biomolecules. Under the collision free conditions
in vacuum, gas phase techniques such as high resolution spectroscopy or mass
spectrometry can reveal many of the intrinsic properties of the individual mo-
lecules. The gas phase in principle provides a controllable platform to reconstitute
in a stepwise manner the environment by adding solvent molecules, metal ions,
etc.25;26
1.2 Structural characterization of cold and isolated
biomolecules
1.2.1 Gas phase study of biomolecules
Gas phase measurements of biomolecules require bringing molecules out of a
solid or liquid phase into the gas phase. Heating can only be applied to thermally
7
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stable molecules with a sufficiently high vapor pressure. However, most bio-
molecules do not survive heating. Large molecules decompose upon heating, a
process also called pyrolysis. Laser desorption27;28 has been found to transport
large molecules from the complex environment and bring them intact into the
gas phase. In 1987, matrix-assisted laser desorption/ionization (MALDI) was dis-
covered and developed. Sample molecules are mixed with a matrix that strongly
absorbs the desorption light. Using this technique, large peptides (mass up to
106 amu) have been investigated. The developer Koichi Tanaka was awarded
one-quarter of the 2002 Nobel Chemistry Prize29 for this soft ionization tech-
nique. The laser desorption method used in our experiments is adapted from this
MALDI technique. Here, we use a graphite matrix and a low intense Nd:YAG
laser operating at 1064 nm to bring the molecules of interest as neutral molecules
into the gas phase. Due to the laser heating the temperature rises rapidly with an
estimated rate of ∼ 1000 K/ns. This heating process induces a thermal explosion.
The fact that large molecules escape intact remains surprising and is attributed
to a bottleneck in energy transfer between the matrix and the internal degrees of
freedom, and due to the rapid cooling since the desorbed molecules are entrained
in a molecular beam supersonic expansion. Nevertheless, some biomolecules for
instance the Arginine containing tri-peptides studied in Chapter 5 inevitably
partially decompose. Reducing the desorption energy (normally a few µJ) could
possibly lower the decomposition ratio, however, at the cost of decreasing the
number density of the desorbed molecules.
A method to obtain large charged biomolecules is electrospray ionization
(ESI)29,in which a sample solution is nebulized through a capillary producing
charged droplets. The highly charged droplets undergo rapid evaporation and
fragmentation by Coulomb explosion. However, this results in isolated, but
charged molecules. ESI coupled to mass spectrometry (ESI-MS) is routinely used
to determine the primary structure of mass-selected peptide ions. Using collisions
in a process called collision induced dissociation (CID)30;31 or photons in photo-
induced dissociation (PID)32;33, sequence information is obtained. Mass spectro-
metry can also provide partial information on the structure. Using deuterium
gas, hydrogen atoms are replaced by deuterium provided they are accessible in
gas phase collisions and hence are on the outside34;35. Another technique that
can be performed on ions is ion chromatography, in which the shape of integral
molecules is deduced from the molecular collision cross-section with an inert
buffer gas36;37.
Although the in vacuo experiment do not directly imitate the environment
that nature prefers for functioning of protein, these gas phase methods are still
believed to be biologically relevant by adding elements such as ions or indi-
vidual water molecules. For example, in our study of Adenosine Tri-Phosphate
(ATP) hydrolysis by ATPase (ATP hydrolase) at the molecular level (chapter 6),
we did not look at the entire protein ATPase. Instead, we characterize the gas
phase complex between ATP and an active site mimic of ATPase by ESI ion trap
mass spectrometry with CID and IR action spectroscopy. Gas phase measure-
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ments minimize the heterogeneity originating from different environment for
each molecule in a solution. Besides, because of collision free environment, the
lifetime of less stable transition states will become much longer, which allows a
study of aquatic unstable systems by using the gas phase. The aforementioned
mass-spectrometric based methods lacks conformation selectivity and thus not
permit us to gain detailed insight into the conformational structure of charged gas
phase biomolecules. Therefore, a spectroscopic technique which involves neutral
molecules has been developed to obtain structural information38;39.
1.2.2 Laser spectroscopy on biomolecules
Spectroscopy probes the quantized absorption of photons, the energy of which
depends on a sensitive but sometimes complex manner to molecular structure.
In the infrared and far-infrared, the molecular response is especially sensitive
to intramolecular interactions as these interactions affect the spring constants
within the molecule.
Historically, the first gas phase spectra of biomolecules were acquired in the
ultraviolet (UV) region. In the UV region, electronic excitations define the spec-
trum from which the structure of the molecules can be found indirectly40. The
particular strength of UV spectroscopy is situated in double resonance techniques
such as UV-UV hole burning. In this technique, one can distinguish the presence
of different conformers of otherwise identical molecules41. Infrared (IR) spectra
are more directly connected to structural information and therefore drew more
interest. The innovative double resonance spectroscopic technique IR-UV ion
dip spectroscopy, together with mass spectrometry, allows us to acquire mass
and conformation selected infrared spectra of molecules of interest. With the
help of sophisticated quantum chemical calculations, some secondary structural
elements of the peptide backbone, such as β- and γ- turns or 310-helices can
be discovered in sample molecules from IR spectra.42–44 Moreover, the studied
system grow in size and complexity (from amino acids, di-, tri- and large pep-
tides to complexes between peptides with water molecules)38;45–48. Even when
two conformers have an identical electronic spectrum, conformer-specific vibra-
tional spectra can be obtained using an IR-IR-UV triple resonance spectroscopic
method49. Conformer-specific measurements all require spectra that are highly
resolved so that structural information can be extracted efficiently. Highly re-
solved spectra demand very low internal temperatures in the order of 10 Kelvin,
making the use of a solution impossible for these questions.
1.2.3 Low temperature biomolecules
Due to large number of rotational excited and low-energy vibrational excited
states at room temperature, IR spectra are broad even for relative small bio-
molecules. As mentioned above, lowering the molecular temperature simplifies
the spectra. At 0 Kelvin under thermal equilibrium conditions all molecules are
in the same state. At non-zero temperature, the collection of molecules become
distinguishable. Cooling to low temperature in the gas phase is relatively easy.
9
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When a static gas under high pressure (a few bars) is allowed to expand into a
vacuum chamber through an orifice, the size of which is larger than the mean
free path of the gas, both a narrowing of the velocity distribution and a cooling
of the rovibrational degrees of freedom are observed. This process is called a
molecular beam supersonic expansion50. Since the degree of freedom (n=3) for
translation and rotation of nonlinear polyatomic molecules is equal, the cooling
effect on these two kinds of molecular motion is very similar, namely
∆T = 2∆E/3R (1.1)
for 1 mol molecules, with ∆E a characteristic amount of energy taken away in
a single collision .For molecular vibrations, due to its much larger number of
degrees of freedom (n=3N-6 with N equals to number of atoms), the cooling
effect decreases a lot.
∆T = 2∆E/(3N − 6)R (1.2)
In addition, as the quantum step between different vibrational levels [0.05-1 ev
(∼ 400 - 8000 cm−1)] is larger than that between different rotational [0.0005-0.05
ev (∼ 4 - 400 cm−1)] or translational levels (continuum), the vibrational cooling
efficiency is also for this reason small. In a good expansion, temperatures of ∼ 1 K
for the translational degrees of freedom, of a few degrees Kelvin for the rotational
degree of freedom and a few tens of degrees Kelvin for vibrations are attained51.
With the development of the pulsed molecular beam source, in which the
orifice is only opened during a short time, the load of the pump to maintain the
setup in a low pressure is reduced and measurements are performed in which
the gas flow is synchronized with pulsed laser methods. Our work on a short-
pulse molecular beam valve with high beam density and efficient cooling is
described in detail in chapter 3. Moreover, reduction of the temperature yielded
several other meaningful results which are not possible under room temperature
conditions: 1) different conformers were distinguished and recognized because
of high resolution spectra. 2) The energy barrier for conformational conversion
and relevant dynamics was investigated. 3) Short life-time intermediate states in
conformational dynamics are more stable and were probed. 4) Conformational
distributions have been determined for the majority of the peptides studied.
Regarding the last aspect, we observe the number of conformers observed
in the laser-desorbed supersonic expansion to be smaller than that of theoretic-
ally calculated low energy conformations52, especially when using Ar as carrier
gas. The population distribution over the different conformers in a supersonic
expansion is not easily predicted nor characterized. In a thermal equilibrium
this distribution is determined by the difference in energy and by the density of
vibrational states, the latter being a sort of degeneracy factor, at relevant total
energies. An expansion is not expected to produce a distribution that can be
described easily by a single temperature. During cooling, the presence of high-
lying energetic barriers, that separate different conformers, causes the molecules
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to undergo vibrational cooling within each conformer geometry without further
exchange between different conformers. In fact, for this reason one can observe
relatively high lying conformers, whereas other conformers with lower energy
have disappeared by further cooling. The studies of small molecules with only
several atoms show that the population of a high energy conformer with an
isomerization barrier of about 2.9 kcal/mol (1014 cm−1) can be trapped in a su-
personic expansion.53;54 However, for larger molecules such as di- tri- peptides
at room or higher temperature, the amount of internal energy stored (many low-
frequency modes below 100 cm−1 having about a value of kT being about 300
cm−1 at room temperature in each mode) is higher and can be used early in the
expansion to overcome large barriers to conformational isomerization. Hence,
it is reasonable that the number of high-energy conformers observed for larger
molecules may be less. The number of measurable conformers is seen to increase
when He or Ne is chosen as a carrier gas. He or Ne is expected to remove the
internal energy of laser-desorbed species less efficiently than Ar and hence leads
to less conformational relaxation.55;56 As a result, room temperature energetics
predicts the conformational distribution after expansion more accurately than
zero point energetics does.57;58
1.3 IR action spectroscopy
Based on the aforementioned introduction and discussion, it is clear that IR
spectroscopy on cold and isolated molecules is selected as the main technique
to study three dimensional structures and intramolecular interactions in small
peptides. Within IR spectroscopy one records the absorption of infrared light as
a function of wavelength. Once the frequency of the radiation matches the en-
ergy difference between two stationary states, absorption of this electromagnetic
radiation occurs. The vibrational frequencies depend not only on the intrinsic
properties of infrared active bonds, but also on the molecular environment. For
this reason, knowing the collection of vibrational transitions of a molecule makes
it possible to deduce the local interactions and from this knowledge we derive the
three dimensional structures of molecules. Gas phase characteristic vibrational
frequencies of several structural relevant bonds in peptides are summarized in
Figure 1.5 for the amide A and the amide I, II and III regions.
In traditional IR spectroscopy, the intensity of light before and after a sample
is recorded as a function of frequency of light (expressed by wavenumber here).
Based on the Lambert-Beer Law, an absorbance is then derived, and an infrared
absorption spectrum is acquired. This direct absorption measurement requires a
measurable difference between incident and transmitted light. However, if the
number of molecules under study is very low, the absorbance might simply
be unmeasurably small. A solution is lengthening the path of light transmitted
such as used in White cell spectroscopy or more advanced in Cavity Ring Down
Spectroscopy62. Another method is to perform action spectroscopy, in which the
absorbance of photons is monitored by another signal instead of a change in light
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Figure 1.5: Overview of the frequencies of the amide A (NH stretch), amide I
(C=O stretch), amide II and III (NH bend) in free and H-bonded interactions,
derived from gas phase measurements59–61 and theoretical calculations using
B3LYP/6-311+G(d,p) level of theory.
intensity. In this thesis, we use IR-UV ion dip spectroscopy to acquire vibrational
frequencies of samples. In this method the IR response is measured as a change
in REMPI (UV) signal. The requirement for this technique to work is that a UV
chromophore part of the molecule so that the UV REMPI scheme can be applied.
Action spectroscopy removes the drawback in traditional IR spectroscopy
mentioned above. Maybe as important is the fact that action spectroscopy is a
non-linear technique as two radiation fields are employed. This non-linearity is
necessary to obtain conformation resolved information. More detail about our
double resonance spectroscopic technique is discussed in Chapter 2.
1.4 Outline of this thesis
Following this chapter, the experimental setups and methodologies will be dis-
cussed in detail in chapter 2. First, the setup for acquiring mass-selected con-
former specific IR spectra is introduced together with several spectroscopic meth-
ods. Subsequently, the theoretical tool based on density function theory (DFT)
for geometry optimization and vibrational frequency computation is described.
Secondly, another setup employing an ESI ion trap mass spectrometer with CID
technique to study molecular level ATP hydrolysis is illustrated. A sigmoid func-
tion and energy-dependent kinetic method for data interpretation is discussed at
the end.
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In chapter 3, a new home-built pulsed molecular beam source called the
Nijmegen Pulsed Valve (NPV) is introduced. The NPV operation is based on
the Lorentz force created by a pulsed current passing through an aluminum strip
located within a magnetic field. Several measurements were performed to char-
acterize the performance of the NPV. The main output characteristics include a
short pulse width (as short as 20 µs) combined with operating rates up to 30 Hz.
We show that a effectively cooled molecular beam (∼ 1K rotational temperature
and ∼ 50 for the deduced speed ratio) was generated by the NPV.
In chapter 4, two very similar dipeptides Ac-Phe-Ser-NH2 (FS)(Ser side chain:
CH2OH) and Ac-Phe-Cys-NH2 (FC)(Cys side chain: CH2SH) were investigated
using IR-UV ion dip spectroscopy. This subtle alternation allows us to study
the effect of the difference in hydrogen bonding for an OH and SH group, and
consequences for the secondary structure. Intramolecular interactions include
backbone hydrogen bond and dispersion interactions. Both are found to play
an important role in the stabilization of the conformational structures. Besides,
due to slight weaker hydrogen bond SH· · ·O in FC than OH· · ·O in FS, two
conformers (one with γ-folded backbone and the other with β-turn interaction)
were identified for FC while only one (with γ-folded backbone) was observed for
FS.
In chapter 5, tripeptides in form of Z-Glu-Xxx-Arg-NH2 (Xxx = Gly, Ala or Pro)
were studied by a double resonance spectroscopic method in order to investigate
the effect of backbone flexibility or rigidity on the salt bridge formation and the
three dimensional structure of peptides. A salt bridge occurs between a positively
and a negatively charged group. In gas phase peptides, this type of interaction
occurs when a proton is transferred between two moieties. In a solution, this
charge separation is stabilized using the polarizability of the solvent molecules.
But also in the gas phase without this stabilization, a salt bridge can be formed
if the charges stay in each other’s vicinity. Such is the case for the tripeptides
studied here. Measured IR spectra are compared with DFT calculated spectra. In
addition, the effect of flexibility of the spacing residue (Gly, Ala, Pro: flexible to
rigid) between Glu and Arg on the three dimensional structure is also discussed.
In chapter 6, we employ ESI ion trap mass spectrometry together with a CID
technique to probe ATP hydrolysis by ATPase on the molecular level. Instead
of study the entire protein ATPase, we designed several mimics all representing
key elements of the active site of ATPase. The stability of the complex formed by
ATP (or other phosphorylated biomolecules) and mimics is first probed by CID.
It is found that ATP has a higher binding affinity than other phosphorylated bio-
molecules for the active site mimics of ATPase, which indicates the binding pref-
erence for ATP based on the derived phenomenological binding energies. In addi-
tion, for the selected complex which shows not only simple dissociation, but also
hydrolysis-like fragmentation, energy-dependent kinetic method is employed to
explore the preferences between these different dissociation pathways in CID
measurements. Based on the lower activation energy for latter case, hydrolysis-
like fragmentation is found to be favored by natural selection. The experiments
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in this chapter are the first steps towards a detailed illustration of the mechanism
of ATP hydrolysis on the active site of ATPase at the atomic level, allowing us to
bridge the gap between global and atomic scale. This should ultimately provide
more insight into this fascinating system.
Through the studies described above, many meaningful results were ob-
tained, among which the one most worthy to notice should be the formation
of salt bridge in gas phase. It is known that under natural conditions proton
transfer is supported by water or other polar solvent molecules. However, there
was not any experimental evidence for salt bridge formation in gas phase overall
neutral peptides until isolated peptides including basic Arg residue and acidic
Glu residue were investigated. Previous studies show that lengthening the spa-
cing residue (no intermediate residue to 3 Ala) between Arg and Glu does not
affect the salt bridge type and the present backbone interactions. In our study
described in chapter 5, we found that with the increase of the size and rigid-
ity of the spacer residue (from Gly, Ala to Pro), proton transfer always occurs
although backbone interactions were different. Besides, DFT calculations show
that the relative energy of non-zwitterionic structure to zwitterionic structure of
capped Glu-Pro-Arg is smaller than that of capped Glu-Ala-Arg or Glu-Gly-Arg,
indicating that forming salt bridge becomes more difficult when steric hindrance
is higher. Columbic attraction between charged groups is strong enough to over-
come the steric hindrance in the folding of a peptide and plays an important role
in structural determination.
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Abstract
In this chapter the experimental and theoretical techniques used
in this thesis will be discussed. First (in Sec. 2.1), the experimental
setup which consists of a laser desorption source, a pulsed molecular
beam valve and a time-of-flight mass spectrometer will be explained.
Employing double resonance spectroscopy, medium high-resolution
IR absorption spectra of isolated biomolecules have been acquired
using this setup. Secondly (in Sec. 2.2), the computational methods
used for the interpretation of the IR spectra will be described. Finally
(in Sec. 2.3), the techniques to investigate bond strengths and disso-
ciation pathways of selected complexes as described in Chap. 6 are
introduced. These techniques include ion trap mass spectrometry and
collision induced dissociation method. In addition, the experimental
setup used for Chap. 3 will be discussed in more detail in the chapter
itself.
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2.1 IR action spectroscopy
Mass and conformation selective IR spectra of biomolecules and oligopeptides
are obtained using a laser-desorption molecular beam set-up in combination
with various IR and UV based spectroscopic methods. A schematic represent-
ation of the set-up is shown in Figure 2.1. To study the intrinsic properties of
biomolecules, laser desorption method46;48;63–65 is employed to bring solid state
sample into gas phase as this allows us to study isolated molecules without any
external interference, for example resulting from solvent molecules. A pulsed
molecular beam of noble gas entrains the desorbed molecules into the super-
sonic expansion to cool them down into their lower vibrational and rotational
levels.65–69 The molecular beam is skimmed 10 cm downstream into a reflector
time-of-flight mass spectrometer where ions are created by UV one color res-
onance enhanced multi-photon ionization (REMPI) scheme or IR-UV double
resonance technique and subsequently detected. Scanning the UV wavelength in
one color or IR wavelength in two color scheme and monitoring the ion signal,
well-resolved UV and IR spectra could be obtained for a specific mass. Finally,
by comparing experimental with calculated IR spectra, structures are assigned to
the investigated neutral conformers. In the following sections, each step will be
elucidated in more detail.
2.1.1 Laser desorption source
The experiments described in this thesis are performed in the gas phase. As
mentioned earlier, most biomolecules and oligopeptides are solids at room tem-
perature and desintegrated upon heating. Ideally there is a substantial vapour
pressure at room temperature such that part of the solid sample can be conver-
ted into gas phase directly. For molecules which are thermally stable, it is also
possible to heat the sample to produce a proper vapour pressure. Nevertheless,
for molecules with a low vapour pressure and thermally labile samples, laser
desorption is the method of choice to bring the sample into gas phase as intact
molecules.
Laser desorption, initially developed for mass spectrometry, normally re-
quires a mix of large biological sample and intense UV light absorbing matrix
such as 2,5-dihydroxybenzoic acid (DHB), etc.70 However, in our experiments, we
aim to produce the sample molecules in their neutral state, which means that we
want to prevent proton transfer to occur between matrix and sample. In addition,
the sample of interest should be transparent at the desorption light wavelength
to avoid fragmentation. Therefore, combination of near-infrared light for desorp-
tion71 and graphite72 for matrix is an ideal option to fulfil these requirements.
In the laser desorption source of our setup, a small amount (a few milligrams)
of powder of sample and fine graphite are mixed homogeneously in a ratio of
about 5:1 under dry conditions and then applied onto the surface of a solid
graphite sample bar (50 × 15 × 1 mm ). This solid graphite sample bar is placed
directly under the orifice of a pulsed valve, on a translation stage which is moving
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Figure 2.1: Experimental setup consisting of pulsed molecular beam valve
equipped with a laser desorption source and a time-of-flight mass spectrometer.
horizontally at a speed of ∼5 µm/s to provide a fresh sample every laser shot. As
a result, each sample bar which is 50 mm long, lasts for 2 - 3 hours of continuous
measurement (or 105 laser shots) before it needs to be replaced. In addition,
the position of sample bar can also be aligned vertically to optimize the focus of
desorption laser and the distance to the nozzle orifice so that the sample will be in
the most efficient cooling part of the supersonic molecular beam. For desorption,
a pulsed Nd:YAG laser (Polaris II, New Wave research) with a pulse energy of
about 1 mJ and width of 5 ns at wavelength of 1064 nm is focused on the surface
of sample bar. Although the mechanism is not fully understood, we believe that
the graphite particles absorb the infrared photons and the temperature rises very
rapidly which leads to a thermal explosion around the irradiated area. As a
result, sample molecules and graphite are ejected in the gas phase. Because of
short, nanosecond of heating time (of about 1000 K/ns), the whole process occurs
under thermal non-equilibrium conditions so sample molecules are ejected before
fragmentation can take place. After desorption, the isolated gas-phase molecules
are introduced into a temporally synchronized supersonic jet molecular beam for
cooling.
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2.1.2 Supersonic molecular beam source
Laser desorption is a very powerful tool to bring a wide range of samples into gas
phase. The molecule of interest can be studied under isolated conditions where
information about intrinsic properties could be acquired without any interference
from intermolecular interaction with its environment.
However, with this method, the molecules enter the gas phase at temper-
atures of several hundreds Kelvin,73;74 which would result in very congested
absorption spectra because a large number of vibrational and rotational states
are populated each contributing to an absorption signature. For better spectra,
the desorbed molecules have to be cooled down both vibrationally and rota-
tionally. The molecular beam technique, in which the molecules are seeded in a
supersonic expansion of a noble gas, is often used to generate such kind of cold
and isolated molecules.75–79
Figure 2.2: A picture of source chamber of experimental setup (the schematic
drawing can be seen as the region between nozzle and skimmer in Fig. 2.1). The
desorbed molecules are entrained into the Ar molecular beam and cooled down
inside supersonic expansion before entering into ionization region through the
skimmer.
A supersonic molecular beam is generated when a noble gas (here: Argon)
is expanded from a certain backing pressure through a small opening or nozzle
into a high vacuum chamber.50 Considering the limited pumping capacity of
the experimental apparatus and the synchronization requirement of pulsed laser
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detection methods, pulsed sources are more widely used to create cold molecular
beam with high density. In our setup, a commercially available Jordan valve (R.M.
Jordan Co.) is used. The working principle of this valve is based on magnetic
repulsion between two metal strips through which a large opposing current is
sent.80 Operated at 10 Hz, it is capable of producing 100 µs pulses. In addition,
because of frequent collisions inside the supersonic expansion, the cooling effect
in the molecular beam could be very efficient. The whole process is able to produce
sample molecules with a translational temperature below 1 Kelvin81, while the
rotational and vibrational temperatures will usually be around 2 - 5 Kelvin and 10
- 50 Kelvin, respectively65;82;83. Nevertheless, all the molecules of interest could
be brought to their vibrational ground state at these temperatures, leading to the
possibility to accomplish high-resolution spectroscopy where absorptions from
different vibrational levels or different conformations can be well resolved. For
visual impression, a picture of source chamber is shown in Figure 2.2, in which a
laser desorption source is coupled to pulsed molecular beam producing cooled
molecules of interest which can fly through a skimmer (2 mm) efficiently.
2.1.3 Spectroscopic techniques
Once the molecular beam enters into the region between repeller and extractor
of the TOF mass spectrometer, a laser ionization method must be applied to con-
vert molecules of interest from the neutral to the ionic state for later detection.
For molecules with a UV chromophore (such as a phenyl group in our sample
molecules), the ideal way to ionize it is via UV REMPI. However, for molecules
which do not absorb in the UV region, VUV one photon ionization is an al-
ternative method. No matter which technique is selected, an intense laser beam
is a prerequisite. For the experiment presented in this thesis, the UV beam is
produced by frequency-doubling (BBO) output of a Nd:YAG (Innolas GmbH,
Spitlight 1200 or Spectra-Physics Quanta-Ray Lab Series) pumped dye laser (Ra-
diant Dye, Narrowscan) using Coumarin 153, and it is operated at 10 Hz with
typical pulse energies of about 1 - 2 mJ. To carry out VUV one photon ionization,
frequency tripling of 355 nm (third harmonic output of a Nd:YAG laser) in a
xenon gas filled cell could be employed to generate 118.2 nm (hν = 10.6 eV) light.
The output of this VUV light is estimated to be a few µJ and it exhibits great
capability in many applications84–86 especially for biomolecules with ionization
potential lying around 10 eV.
REMPI spectroscopy
REMPI is a very effective approach to resonantly ionize molecules and study
their electronic structures. In the research described in this thesis, the molecules
of interest are resonantly ionized by only two photons (R2PI). In this technique,
the ground state molecule is first excited to an intermediate electronically excited
state by absorbing a photon of which the energy equals to the gap between
ground and excited state. Subsequently, absorption of a second photon leads
to ionization of the molecules. Depending on the source of the two photons,
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this technique could be distinguished between one colour R2PI (same source for
excitation and ionization) or two colour R2PI (two sources for excitation and
ionization, respectively). In most cases, one colour R2PI is efficient enough to
ionize molecules with a UV chromophore. However, for molecule of which the
ionization potential is more than two photon energies of the excitation laser, the
two colour R2PI method could be employed. The first laser is normally fixed
at the wavelength which matches the main transition, and the second laser is
tuned to a frequency which maximizes the ionization efficiency. In practice, the
two lasers should be overlapped both spatially as well as temporally in view
of the limited lifetime of the electronically excited state, which makes it more
complicated than the one color R2PI technique.
Figure 2.3: Schematic overview of R2PI spectroscopy and VUV one photon ion-
ization.
As shown in Figure 2.3 , monitoring the ion yield as a function of excita-
tion laser wavelength, an electronic excitation spectrum (REMPI spectrum) is
acquired. In a typical REMPI spectrum, the main S1←S0 transition (transition
from the electronic and vibrational ground state to vibrational ground state in
electronic first excited state) gives the strongest peak. The spectrum also reveals
a vibrational progression at higher energies (transitions from the electronic and
vibrational ground state to electronic and vibrational excited states). This part of
the spectrum contains information about vibrational levels in the excited state.
On the red side of the main transition (origin), a hot band may appear due to
the transition originating from a vibrational excited state in the electronic ground
state, which indicates a incomplete cooling. If several conformers coexist for these
conformers will display an unique S1←S0 transition. Thus,the absorption peaks
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in a REMPI spectrum may corresponds to different conformers. To maintain a
high resolution and selectivity, it is very important to cool down the molecules
before ionizing them. Poor resolution spectra due to hot temperature may result
in difficulties in discriminating between vibrational structure in the first excited
states and conformers.
Figure 2.3 shows that one photon of VUV light is capable of bringing the
molecule above its ionization potential without an intermediate state. Although,
it will lack conformation selectivity, it will offer a way to study molecules where
UV REMPI can not be applied.
UV-UV ion-dip and hole-burning spectroscopy
Due to the complexity of the biomolecules, more than one stable conformation
can exist. To identify different conformations from the complex excitation spectra,
UV-UV ion-dip47;87–89 and hole-burning38;90;91 techniques can be employed. The
concept of these two techniques is depicted in Figure 2.4.
In fact, these two techniques adopt the same principle which is based on
electronic resonance depopulation of ground state, but differs only in the choice
Figure 2.4: Schematic representation of conformation selective ion dip / hole
burning spectroscopy. To distinguish different conformers, one of the two UV
lasers is fixed at the S1←S0 transition of the selected conformer while the other
one is tuned; to acquire conformation selective IR spectra, prior to the incident of
UV probe laser, IR laser is scanned.
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which laser (pump or probe) is scanned. For the UV-UV depletion technique,
the probe laser (UV2) is fixed at a wavelength corresponding to ground state
excitation of a specific conformation, so a constant ion signal is produced. About
200 ns prior to the incident beam of the probe laser, pump laser (UV1) irradiates
the molecular beam at the same spatial position. If the pump laser could also
excite the ground state of this selected conformation, then depopulation occurs
for this state. As a result, there will be a dip in the ion signal created by the probe
laser. By fixing the probe laser while scanning the pump laser, a UV-UV ion dip
spectrum could be acquired. In this spectrum, all the wavelengths where ion
dip is observed originate from the same conformation as the one selected by the
probe laser.
In the UV-UV hole-burning technique, the pump laser is fixed while the probe
laser is scanned. In this case, the conformation is selected by the pump laser
which is used for ground state excitation and depopulation. During the scan of
the probe laser, the main transition and relevant vibrational progression of the
same conformation will be less intense when compared with original UV REMPI
spectrum. Consequently, the peaks which belong to the same conformation can
be distinguished immediately.
In both cases, it should be noted that a hot band is not affected since only the
ground state is depopulated. The condition for both methods is that the pump
laser must be sufficiently intense to obtain sufficient ground state depopulation.
The time delay between the two lasers needs to be optimized to avoid two colour
REMPI (too short a delay) or disappearance of the depopulation effect (too long a
delay). Besides, to minimize signal fluctuation due to long-term UV power drifts
and changing source conditions, alternating pump laser-off and pump laser-on
signals could be measured by operating the pump laser at 5 Hz and the probe
laser at 10 Hz.
IR-UV ion-dip and hole-burning spectroscopy
The goal of the present study is to elucidate their 3-dimensional structures and
intramolecular interactions in small biomolecules. This is achieved by acquiring
the IR absorption spectra and comparing these spectra with theoretically calcu-
lated spectra. IR-UV ion dip spectroscopy92–95 is used to record the IR spectra. The
principle is very similar to that of UV-UV ion dip method. First, the conformer of
choice is selectively ionized by fixing the UV laser on its S1←S0 transition, result-
ing in a constant ion signal. About 300 ns prior to the probe laser, a YAG-pumped
optical parametric oscillator (Laser Vision) produced IR light, which is spatially
overlapped with the UV laser interacts with the molecular beam. Whenever the
IR laser is resonant with a vibrational transition of the selected conformation,
population is transferred from the ground state to a vibrational level and a dip in
the ion signal is observed. By measuring the ion yield of the mass of interest as
a function of the IR avelength, a mass-selected IR ion dip spectrum is obtained.
Also, on/off measurements could be utilized here to minimize the influence by
signal fluctuation.
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Besides, IR-UV hole burning spectra are obtained by fixing the IR pump laser
on a vibrational transition of the electronic ground state while scanning UV probe
laser. Since the fixed IR pump laser depopulates a large amount of the specific
conformer in ground state, the peaks in REMPI spectrum which belong to the
same conformation will be much less intense or even will disappear during the
UV probe scan. However, one must be aware that different conformers can absorb
at the same IR wavelength. Therefore, one need to select the wavelength of the
IR pump laser carefully in order to ensure conformer discrimination.
2.2 DFT computation: structure optimization and fre-
quency calculation
After acquiring the IR spectra of studied biomolecules, the structure of a specific
conformer is determined by comparing its spectrum to calculated spectra of
several theoretically optimized structures. The first step is to perform a search to
obtain low energy structures using the simulated annealing approach. Here, the
temperature is raised to about 1300 Kelvin) so that all transition barriers in the
potential energy surface are overcome and any conformational state is reachable.
Then the system is cooled exponentially to low temperatures (e.g. 5 Kelvin) at
which structures are recorded.
This simulation is based on molecular dynamics, in which Newton’s equations
of motion are solved to study molecular motion and conformational transitions.
In molecular dynamics, atoms and bonds are treated as spheres and springs. The
mathematics of spring deformation can be applied to describe the ability of bonds
to stretch, bend and twist. However, the behaviour of different kinds of atoms
and bonds are different in same molecule due to different atom diameters, bonds
lengths and angles. A set of parameters is required to describe the structure.
These parameters are included in a force field, which is an essential part in
calculating the energy of a system. Over the past decades, many different kinds
of force fields have been developed and applied to various molecular systems.
The amber99sb96 force field is selected in our simulation since it is suitable for
biomolecules such as peptides, proteins, etc. To predict the energy associated
with a given conformation of a molecule, a simple equation is given as follows97:
Etotal =
∑
bonds
Kb (r − ro)2 +
∑
angles
Kθ (θ − θo)2
+
∑
dihedrals
Vn
2
[
1 + cos(nφ − γ)
]
+
∑
i< j
−Ai jr6i j +
Bi j
r12i j
+
qiq j
ri j
 (2.1)
The first three terms describe the energy of bonded interactions (stretching,
bending and torsion) and the fourth term stands for the energy of non-bonded
interaction. Among numerous parameters, "Kb (Kθ)" controls the stiffness of a
bond (angle) spring while "ro (θo)" define its equilibrium length (angle). Unique
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parameters for bond stretching (angle bending) are assigned to each bonded
doublet (triplet) of atoms based on their types (e.g. C-C, C-H, C-O-C, etc.). "Vn
(barrier height associated with torsion), n (multiplicity, giving the number of
minima as the torsion is rotated through 360°) and γ (phase factor indicating
where the cosine function has its minimum)" parameters for torsional rotation
are assigned to each bonded quartet of atoms such as H-N-C-O and the variable
φ describe the relevant dihedral angle, i.e. angle between H-N bond and C-O
bond in above mentioned system. The final term, non-bonded energy, represents
the pair-wise sum of the energies of all possible interacting non-bonded atoms i
and j. Therein, three sub-terms respectively accounts for repulsion, van der waals
attraction and electrostatic interactions.
Knowing the total energy of a system, the force on an atom can be calculated
from the change in energy between its current position and its position at a small
distance away.
−dE
dri
= Fi (2.2)
Then the atomic acceleration is computed based on the following relationship
Fi = miai (2.3)
Lastly, the common approach "leapfrog" method in which velocity and posi-
tion information successively alternate at 1/2 time step intervals is used to predict
the position of the atom at time "t + ∆t (time step of the simulation)".
vi(t + ∆t/2) = vi(t − ∆t/2) + ai(t)∆t (2.4)
ri(t + ∆t) = ri(t) + vi(t − ∆t/2)∆t (2.5)
The position at "t + ∆t" is used to calculate the position at "t + 2∆t", and so
on. Therefore the system can be propagated in time. After a suitable time, the
optimized structure is stored for later evaluation and the molecular dynamics
simulation is restarted to generate a next structure.
Using the molecular dynamics method, a large number of structures are
found. However, the stability of these structures is mainly determined by the
force field parameters, which makes them not necessarily the lowest energy
conformers at high levels of theory. Therefore, geometries obtained from the con-
formational search have to be submitted to a full structural optimization using
density functional theory (DFT) methods. For electronic wavefunctions related
calculation, due to the rapidly growing cost and decreasing accuracy when num-
ber of electrons increases, its applications is greatly limited. Alternatively, DFT,
which regards the properties of a many-electron system to be determined by the
spatially dependent electron probability density, is used to study large system.
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The relation between the energy of a multi-electron molecule Ei and electron
density ρ can be expressed using the so-called Kohn-Sham equations98:
{−1
2
∇2 + υ(r) +
∫
dr′
ρ(r′)
|r − r′| +
δExc[ρ(r)]
δρ(r)
}ψi(r)
= {−1
2
∇2 + Vks[ρ(r)]}ψi(r) = Eiψi(r)
(2.6)
In which the kinetic energy (term - 12∇2) and the potential energy from the
external field (term υ(r)) are independent with electron density, while electron-
electron Coulomb repulsion (term
∫
dr′ ρ(r
′)
|r−r′ | ) and exchange-correlation potential
( δExc[ρ(r)]δρ(r) ) are affected. All the potential energy terms could be merged and ex-
pressed as Kohn-Sham potential Vks[ρ(r). By solving this equation with a self-
consistent field method, the orbital together with its energy could be determined.
In practice, many functionals differing in their description of exchange- correl-
ation energy exist, of which the very popular B3LYP99 functional and dispersion
interaction corrected B97-D100 functional are used in our study. Besides, the Pople
style basis sets 6-31G(d,p) and 6-311+G(d,p), which consist of a finite number of
functions, are employed to describe molecular orbitals. For more explanation of
relevant information, it can be found elsewhere101.
Once the stable structure which corresponds to a local minimum of the PES
is found, its harmonic frequency could be calculated from the second derivatives
of the potential energy with respect to the displacement of nuclear coordinates.
Scaling factors between 0.9 and 1 are normally used to correct for anharmonicity
since the harmonic approximation is only valid at the position infinitesimal close
to the local minima of PES. In addition, the IR intensities could also be com-
puted by second derivatives of the dipole moment with respect to the normal
coordinates.
2.3 Ion trap mass spectrometry
To explore ATP hydrolysis at the molecular level, an ion trap mass spectrometer
is employed to study fragmentation behavior and the binding energy of ATP
with ATPases’ active site mimics. The experimental setup will be discussed in
detail below. The theoretical methods employed to determine bond strengths and
activation energies will be treated in Sec. 2.3.2 and 2.3.3.
2.3.1 Experimental set-up
The apparatus in which our experiments are performed is a commercial LCQ
Classic quadrupole ion trap mass spectrometer (Thermo Finnigan) with elec-
trospray ionization source. It consists of an electrospray ionization source, two
focusing octapole ion guides and a quadrupole ion trap, in which an ion of
interest can be selectively stored for collision-induced dissociation study.
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Electrospray ionization With electrospray ionization (ESI), we can bring solution-
phase molecules into the gas phase as ions. In constrast with other techniques,
such as evaporation of the solvent by means of heating, or electron impact ion-
ization, ESI prevents the ions from fragmenting when they are transferred to the
gas phase. This method is therefore classified as a ‘soft ionization’ technique102.
Figure 2.5: Overview of ESI. a) Electrospray ion source and interface to mass
spectrometer. b) Major processes in atmospheric pressure region of ESI ion source
run in positive mode. Taken from Kebarle and Verkerk103.
The complexes of interest can be formed by dissolving the composing mo-
lecules in a 1:1 (v:v) mixture of water and methanol at a concentration of approx-
imately 50 µmol/L for each component. These solutions are transferred to the
ESI source using a motor-driven syringe, which injects the solution into the ESI
source at a flow rate of 4 µL/min. There, the solution enters a capillary with its tip
at high potential 3.79 kV, leading to a strong electric field. Due to this strong field,
either positive or negative ions (depending on the voltages applied) will pile up
at the tip of the capillary, form a cone-shaped meniscus, and emerge from the cone
as a jet of charged droplets. The ions in these droplets spread over the droplet
surface due to their mutual Coulombic repulsion. The droplets move through the
air towards the opposing electrode while solvent is evaporated, aided by a weak
nitrogen (N2) flow, leading to increasing repulsion between the ions and, even-
tually, to a Coulomb explosion of the droplets into much tinier, highly charged
droplets. After a few subsequent explosions, the ‘droplets’ that are left will only
contain a single ion, and all solvent is evaporated, i.e. gas-phase ions are formed.
The process of ESI is schematically displayed in Fig. 2.5.
Ion trap After ESI, the gas-phase ions of the complexes are transferred via a
heated capillary and two focussing octapole ion guides into a quadrupole ion
trap, where the ions of interest can be stored and experiments can be performed.
A quadrupole ion trap consists of two endcap electrodes and a ring electrode
(Fig. 2.6), together enclosing a volume in which a quadrupole electric field can
be established by applying a radio frequency (RF) alternating voltage to the ring
electrode while the endcap electrodes are grounded. When ions enter the trap
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via a small hole in one of the endcap electrodes, they will be trapped inside the
trap only if the RF frequency is correct, which depends on the mass-to-charge
ratio, m/z, of the ions. Therefore, by tuning the RF frequency resonant to a certain
value of m/z, the corresponding ions can be trapped while the other ions are
ejected from the trap. This allows us to store only the ions of interest in the trap.
The exact mathematical and physical background of the quadrupole ion trap is
complicated. March provides a comprehensive overview of the quadrupole mass
spectrometer and the underlaying principles104.
Figure 2.6: Overview of quadrupole ion trap. Adopted from O’Hair105. Details
can be found in main text.
Collision-induced dissociation Once stored in the trap, the ions of interest can
be fragmented by collision-induced dissociation (CID)105. The trapped ions will
move along complex trajectories through the trap in the quadrupole field gener-
ated by the RF voltage on the ring electrode. CID can be stimulated by applying a
RF pulse on the endcap electrodes to resonantly accelerate the ions to be fragmen-
ted. While being excited, these ions will undergo multiple collisions with neutral
helium buffer gas present in the trap, leading to the conversion of their kinetic
energy into internal energy. Eventually, one of the bonds of the ion will break,
usually the weakest bond. Therefore, CID can be used to probe bond strengths
by probing various fragmentation channels. The amount of collisional excitation
can be tuned by varying the collision energy, or by varying the collisional activ-
ation time. However, due to the complexity of processes in ion traps105;106, it is
not straightforward to convert the experimental data into absolute binding ener-
gies. In the software of Finnigan ion traps, normalized collision energy (NCE)107,
which is given as a percentage of a standard excitation amplitude is used. Within
this value the mass of the selected ion is taken into account and no further mass
corrections are needed. For derivation of relative bond strength, there exist a
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more sophisticated methods which will be discussed in Sec. 2.3.2 and 2.3.3.
Mass spectrometry Ions can not only be stored in the trap based on their m/z
values, but ions with certain m/z values can also be ejected selectively from the
trap by adjusting the RF frequency105. By placing an electron multiplier detector
behind the second endcap electrode, through which the ions will be ejected,
ion intensities as a function of m/z can be measured, yielding a mass spectrum.
Additionally, it is possible to perform multiple-stage mass spectrometry (MS)n.
Here, after a first cycle of CID on trapped ions and subsequent selection of certain
fragment ions, additional cycles of CID followed by selection of fragments can be
implemented, allowing for the exploration of fragment ions using fragmentation
experiments.
2.3.2 Breakdown diagrams
Figure 2.7: Typical breakdown diagram. Green and red lines represent parent
and fragment ion intensity, respectively, as a function of normalized collision
energy. E50% is the collision energy for which half of the initial amount of parent
is fragmented, or half of the final amount of fragment is formed. Eth is calculated
as described in the text.
Bond strengths of complexes can be probed by measuring breakdown dia-
grams. The complexes of interest are fragmented by CID with 50 ms of collisional
activation time, and the resulting parent and fragment ion intensities are recorded
as a function of normalized collision energy (NCE). The resulting breakdown dia-
grams, i.e. plots of parent and fragment intensities versus NCE, show decreasing
parent and increasing fragment intensities with increasing NCE, starting from a
threshold NCE. A typical breakdown curve is presented in Fig. 2.7. This threshold
NCE can be interpreted as the dissociation energy of the bond that breaks during
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the fragmentation process108. Zins et al. measured a series of benzylpyridinium
ions, often exploited as ‘thermometer ions’ to evaluate internal energy distribu-
tions, and concluded that the threshold energies deduced from the breakdown
curves correlate more or less linearly with zero-point corrected bond dissociation
enthalpies at 0K, calculated using density functional theory at the B3P86/6-31+G∗
level of theory. Although this correlation could well be molecule-specific, we
assume that this linear relationship holds for our complexes as well, allowing us
to compare threshold energies among different complexes.
Threshold energies can be deduced by fitting the breakdown curves with
sigmoid functions of the form
I(E) =
I0
1 + exp [−k(E − E50%)] (2.7)
where I is the intensity, E the normalized collision energy, and I0, E50% and k are the
fitting parameters optimized using a least-squares criterion. In order to minimize
the signal fluctuation due to long term operation of instrument, normalized ions’
intensities are employed in fitting curves. Here, I0 represents the initial amount
of parent ion or the final amount of fragment ion, E50% is the normalized collision
energy for which 50% of the parent ion is fragmented or the fragment ion is
formed, and k is a measure of the slope of the breakdown curve. More precisely,
kI0/4 equals the slope of the breakdown curve at E = E50%. Threshold energies
Eth are given by the intersection of the tangent line to the breakdown curve at
E = E50% with the line I = I0 for parent ions or I = 0 for fragments, i.e.
Eth = E50% − 2|k| , (2.8)
as derived as follows:
• E→ −∞, collisions and therefore fragmentation are not possible, we obtain
the initial amount of parent ion. The limit E → ∞, all parent ions have
been fragmented, we obtain the final amount of fragment ion. Since par-
ent breakdown diagrams have negative k whereas fragment curves have
positive k, we obtain
lim
E→−∞ Iparent(E) = limE→−∞
 I01 + exp [−kparent(E − E50%)]
 = I01 + 0 = I0 (2.9)
lim
E→∞ Ifragment(E) = limE→∞
 I01 + exp [−kfragment(E − E50%)]
 = I01 + 0 = I0. (2.10)
Thus, I0 represents the initial amount of parent ion or the final amount of
fragment ion.
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• When 50% of parent is fragmented or 50% of fragment is formed, the
measured intensity will be I0/2. In that case, exp [−k(E − E50%)] must equal
1, which implies that E = E50%, as anticipated.
• The slope of the breakdown curve is given by the derivative of I with respect
to E,
dI(E)
dE
=
kI0 exp [−k(E − E50%)](
1 + exp [−k(E − E50%)])2 . (2.11)
Evaluated at E = E50%, this equation yields[
dI(E)
dE
]
E=E50%
=
kI0
4
. (2.12)
This shows that indeed the slope of the breakdown curve at E = E50% equals
kI0/4.
.
2.3.3 Energy-Dependent Kinetic method
Complexes may exhibit multiple fragmentation channels by breaking different
bonds. Relative activation energies of multiple fragmentation channels within
one complex can be determined by the energy-dependent kinetic method109.
Central to this method are measurements of the rates k j for the formation
of fragment j. Rates of fragment formation can be determined by measuring
parent and fragment intensities as a function of collisional activation time. We
assume that all fragmentation processes follow simple first-order kinetics, where
the parent intensity Iparent is given as a function of activation time t by
Iparent(t) = I0 exp
(
−kparentt
)
(2.13)
where I0 is the parent intensity without collisional activation. The fragment in-
tensities I j are given by
I j(t) =
k j
kparent
[
I0 − Iparent(t)
]
. (2.14)
From Equations 2.13 and 2.14, we can derive that plots of −ln
[
Iparent(t)/I0
]
and
I j(t) ln
[
Iparent(t)/I0
]
/
[
Iparent(t) − I0
]
versus t should yield straight lines with slopes
equal to kparent and k j, respectively.
We assume that the rates k j obey Arrhenius’ law,
k j = A j exp
(
−Eact, j
RTeff
)
, (2.15)
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Or the natural logarithm of Equation 2.15,
ln k j = ln A j −
Eact, j
RTeff
, (2.16)
where Eact, j is the activation energy of fragmentation process j, the pre-exponential
constant A j accounts for the entropy of activation of this process, and Teff is the
effective temperature of the parent ion. The activation energy Eact,1 of a single
fragmentation process (process 1) could be determined by measuring its rate k1
as a function of effective parent temperature. A plot of ln k1 versus 1/RTeff would
yield a straight line with its slope equal to −Eact,1. Although we know that the
effective parent temperature increases with increasing NCE, we cannot control
Teff directly.
Nevertheless, we can use a second fragmentation process (process 2), for
which Equations 2.15 and 2.16 also hold, as a reference to eliminate the factor
1/RTeff from Equation 2.16:
ln k1 = ln A1 − Eact,1Eact,2 ln A2 +
Eact,1
Eact,2
ln k2. (2.17)
We can vary the values of k1 and k2 by measuring ion intensities as a function
of activation time for varying NCE. According to Equation 2.17, a plot of ln k1
versus ln k2 will yield a straight line with slope Eact,1/Eact,2, i.e. the activation
energy of fragmentation process 1 relative to the activation energy of process 2.
Thus, this method allows us to measure relative activation energies for competing
fragmentation channels within a single complex.
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3 A new high intensity and short-
pulse molecular beam valve
Abstract
In this chapter, we report on the design and performance of a
new home-built pulsed gas valve, which we refer to as the Nijmegen
Pulsed Valve (NPV). The main output characteristics include a short
pulse width (as short as 20 µs) combined with operating rates up to
30 Hz. The operation principle of the NPV is based on the Lorentz
force created by a pulsed current passing through an aluminum strip
located within a magnetic field, which opens the nozzle periodically.
The amplitude of displacement of the opening mechanism is suffi-
cient to allow the use of nozzles with up to 1.0 mm diameter. To
investigate the performance of the valve, several characterizations
were performed with different experimental methods. First, a fast
ionization gauge was used to measure the beam intensity of the free
jet emanating from the NPV. We compare free jets from the NPV with
those from several other pulsed valves in current use in our laborat-
ory. Results showed that a high intensity and short pulselength beam
could be generated by the new valve. Second, the NPV was tested
in combination with a skimmer, where resonance enhanced multi-
photon ionization combined with velocity map imaging was used to
show that the NPV was able to produce a pulsed molecular beam with
short pulse duration (∼20µs using 0.1% NO/He at 6 bars) and low ro-
tational temperature (∼1 K using 0.5% NO/Ar at 6 bars). Third, a novel
two-point pump-probe method was employed which we label double
delay scan. This method allows a full kinematic characterization of
the molecular beam, including accurate speed ratios at different tem-
poral positions. It was found that the speed ratio was maximum (S =
50 using 0.1% NO/He at 3 bars) at the peak position of the molecular
beam and decreased when it was on the leading or falling edge.
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3.1 Introduction
During the past several decades, the generation of atomic and molecular beams
has attracted much attention because of their importance in many fields of re-
search.110;111 Pulsed beam sources can create a short gas pulse with improved
beam characteristics compared to continuous types, including a higher beam
density, colder internal rotational state distributions, and a more narrow velocity
distribution.110;111 In addition, due to the very short pulse duration, the pumping
requirement of the experimental apparatus is greatly reduced and the production
of the molecules can also be synchronized with pulsed laser detection methods.
As a result of above mentioned advantages, a large amount of effort has been
made to develop and improve pulsed beam sources.
A wide variety of pulsed valve designs have been reported in the past.112;113In
1978, Gentry and Giese114 developed a pulsed valve (precursor to the present-day
Jordan valve) based on the principle of magnetic repulsion between two metal
strips through which a large opposing current was pulsed. This design produces
gas pulses with a full width at half maximum (FWHM) down to about 10 µs
when expanding pure helium gas at high pressure (25 bars). Later on, from the
1980s, pulsed valves based on the rapid deformation of piezoelectric crystals were
developed and improved by several groups.115–118These valves typically apply a
short high voltage (HV) pulse to a disc-shaped piezoelectric crystal, producing
gas pulses with ∼100-150 µs pulse widths. Solenoid valves such as the robust,
commercially available General Valve Series 9 with its magnetically activated
plunger are also widely used in the field of atomic and molecular beams. These
types produce pulses with a typical width of a few hundreds of microseconds.119
Around anno 2000, an optimized magnetically activated plunger pulsed valve
operated at high pressure was developed by Even and co-workers,120;121 referred
to as the Even-Lavie valve. It has been shown that their valve is able to produce
beams with a pulse duration down to about 10 µs and speed ratio S = v/∆v up
to S ≈ 100 in helium. Recently, a pulsed valve based on a cantilever piezo was
reported by Janssen and co-workers,122;123 based on an original design by Gerlich
(Chemnitz). This valve could be operated in a continuous mode or a pulsed mode
(up to 5 kHz repetition rate) and is reported to produce short and rotationally
cold pulsed molecular beams with a speed ratio up to 135 at the central coldest
part of a short gas pulse. In this chapter, we present a new pulsed valve design
based on the Lorentz force on a current in a magnetic field. This design, which
is extremely simple and inexpensive to build, shows the desired characteristics
of a short, intense, and cold molecular beam. Our design is related to a pulsed
valve reported in 1986 by Barry et al.124 also using the Lorentz force but with a
different mechanism for closing the valve. The use of modern materials and the
design of the closing mechanism make the Nijmegen Pulsed Valve (NPV) much
more compact, robust, and inexpensive compared to older designs, as discussed
later in this chapter.
The principle of the NPV is shown schematically in Fig. 3.1. Basically, a large
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Figure 3.1: Schematic view of principle of the Nijmegen Pulsed Valve: (a) no
current passing through the aluminum, valve is closed. (b) Lorentz force lifts
the strip up, opening the valve. The distortion of the aluminum strip due to the
Lorentz force is exaggerated for clarity.
(400-1000 A) short-pulsed (30-50 µs) current I passes through an aluminum strip
bent in a Z-shape (l = 6 mm interaction length perpendicular to magnetic field),
which is located in a magnetic field B (∼1.45 T) created by permanent magnets
(Quadermagnet 5 × 5 × 3 mm N52 Nickel coated on NdFeB, from magnets4you,
GmbH). Attached to the middle of the aluminum strip is a pin with a small
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spherical tip. The ends of the aluminum strip are fixed to two electrodes, used
to supply the current pulse, with enough tension to force the tip to close off
an O-ring centered on the nozzle hole. The shape of the strip is such that the
closing force (vertical) is high, but the sideways movements are still possible.
This enables the tip to find the O-ring center automatically. When the current
passes through the strip, the Lorentz force F = (I × B) · l (F ∼ 7 N when I = 1
kA) forces the aluminum strip upwards, opening the nozzle hole for a short time,
until the current pulse ends. The tension force in the strip causes the valve to
close again at the end of the current pulse. As in any design for rapid motion,
the mass of the moving part must be kept as low as possible, in our case the
mass of the metal strip together with spherical tip is 23 mg. Furthermore, a large
instantaneous current I is created by short-circuiting a large capacitance via field
effect transistors, and a large magnetic field B is formed by placing the strong
field magnets close to the strip.
In this chapter, we report our first results on the characterization of this
valve. In Sec. 3.2, we describe the details of the NPV design and its operation
principle, and give an overview of the experimental apparatus and measurement
techniques. In Sec. 3.3, we present and discuss our first results using the NPV.
The conclusions are summarized in Sec. 3.4.
3.2 Valve design and characterization methods
3.2.1 Design of the NPV
A nearly to-scale drawing of the valve construction is shown in Fig. 3.2 , where the
diameter of the valve base plate is 30 mm. During assembly the strip is mounted
on the two electrodes and the closing tension is adjusted while detecting leakage
with a He leak detector. A yoke containing the two permanent magnets is then
installed. A low voltage (10-15 V) short pulse (30-50 µs, 10 Hz) is applied between
the electrodes, moving the strip up by the Lorentz force, which opens the nozzle
of the valve. For a good operation with enough strip deformation to fully open the
valve, it is important that the strip is a very light, strong, and flexible conductor.
The lighter the strip, the faster it will react, resulting in the shortest molecular
pulse. Aluminum alloy (1-3 % silicon in aluminum) was selected as the material
for making the strip.
For the geometry of the nozzle, Even and co-workers121;125 have shown that
a conical nozzle produces downstream beam densities which are higher by an
order of magnitude than the densities produced by a simple pinhole (sonic)
nozzle. A conical shape of about 40° appears to be a good compromise between
maximum forward centerline beam intensity and efficient translational cooling.
For the NPV, a conical shape nozzle with 50° full opening angle and 500 µm
opening diameter was employed to produce a high density pulsed beam.
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Figure 3.2: Schematic view of the actual construction of the Nijmegen Pulsed
Valve. The left picture shows an overview and the right picture displays a cross
section view of the valve.
3.2.2 Electronics
In Fig. 3.3 , a block diagram of the electronics which delivers the drive pulse to
the NPV is shown. The NPV (not shown in the figure) is connected at the right
hand side of the diagram. A capacitor C1 (10000 µF) is charged by a floating
power supply, which is adjustable between 0 and 20 V. Ten 1000 µF capacitors
with low series resistance (16 mΩ per capacitor) were connected in parallel; this
allows for a current of up to 1 kA.
Figure 3.3: Block diagram of the electronics used to drive the NPV.
A transistor-transistor logic (TTL) pulse is delivered to the buffer amplifier
U1 to drive the MOSFET M1 at 15 V. U1 and M1 are connected at short dis-
tance, because M1 has a high input impedance. We used four MOSFETs parallel
(IRLU9743), with a low drain-source resistance (RDS(ON) = 3.1 mΩ) and high peak
current (640 A per FET).
When the drive pulse is delivered to M1, C1 is directly connected to the NPV
and is partially discharged. At the end of the drive pulse, the connection is opened
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again and the current is stopped. The rise and fall times of the drive pulse will
be fast because of the low inductance in the current path.
We observe that the NPV physical opening time is a combination of the
driving voltage and pulse width. This opening time becomes longer with higher
voltages and/or longer pulse widths. Using higher backing pressures the voltage
needed to open the valve becomes larger, indicating that more power is needed
to overcome the blocking force exerted by the gas on the closing tip.
In the design of Gentry and Giese,80 the two repelling metal strips needed
high voltages and currents (kV and kA). In contrast, the NPV uses low voltages,
which makes it safe to touch the NPV electrodes during operation. Due to the
low heat dissipation (1-2 W), the valve body stays cool during operation, which
is important for low beam temperatures. The thyristors used in the Barry et al.124
design also required a high working voltage than the modern transistors used in
the NPV.
3.2.3 Experimental setup and methods
A single chamber setup (see Fig. 3.4a) with fast ionization gauge (FIG, see Fig.
3.4b) was used to measure beam densities and pulse lengths of NPV and some
other pulsed valves currently used in our lab. In addition, other experiments
were performed in a new home-built velocity map imaging (VMI) apparatus (see
Fig. 3.5 ).
Figure 3.4: Schematic diagram of a) the valve testing apparatus and b) the oper-
ation of fast ionization gauge.
In the single chamber setup, a FIG was mounted 12 cm downstream from
the valve to monitor the molecules in the pulsed beam. An oil diffusion pump
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with 500 L s−1) pumping speed was used to maintain the chamber pressure below
10−6 mbar background pressure (monitored by a Varian pressure gauge). The FIG
consists of three electrodes/parts, namely the filament, the grid and the collector.
The filament is used for the production of electrons. Due to the positive charge
on the grid, the electrons were attracted away from the filament and circulate
around the grid. When the pulsed molecular beam drifts close to the FIG, the
molecules will be ionized by the electrons around the grid and the positive ions
are detected by the collector which connects to an oscilloscope. As a result, the
pulsed molecular beam density and width could be derived from the oscilloscope
recorded signal. Detailed method will be discussed in sec. 3.3.1
Figure 3.5: Schematic view of the VMI setup using two lasers crossing the mo-
lecular beam at two points A and B. The double resonantly ionized NO+ ions are
detected by VMI
The basic details of the new built VMI apparatus are almost the same as
the conventional VMI setup as described by Eppink and Parker.126 However, the
propagation direction of the molecular beam is perpendicular to the time-of-flight
(TOF) axis in our setup and the setup is based on two small cubic chambers with
a length of only 12.2 cm, which is very similar in concept to that of Chandler et
al.127 The NPV with flange is mounted in the first chamber and aligned with the
help of a telescope. Additional experimental details will be discussed in sections
where the relevant results are described.
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In order to characterize the performance of the NPV, several aspects were
investigated. First of all, the density of the NPV produced jet was measured
by a FIG and compared with that of two other pulsed valve designs. Second,
the beam pulse duration could also be determined using pulsed laser ionization
by detecting the ion intensity when scanning the time delay between the drive
pulse of NPV and the crossing time of the nanosecond laser pulse with the gas
pulse. Third, by taking a resonance enhanced multiphoton ionization (REMPI)
spectrum of the molecular beam, internal rotational temperatures (Trot) of the NO
molecules could be determined. Fourth, a novel two-point pump-probe scheme
(Fig. 3.5) was used, which we label double delay scan (DDS). This method allows
for a full kinematic characterization of the molecular beam by measuring the
speed distributions at different positions of the molecular beam pulse. In this
scheme, the pump laser excited molecules to a long-lived rovibrational state that
is not populated in the original molecular beam. The probe laser subsequently
state-specifically ionizes these molecules in the detection area, which is located
11 cm further downstream. By scanning the time delay between the drive pulse
of the NPV and the pump laser beam, different positions of the molecular beam
pulse packet could be selected; after the selection, by detecting the NO+ when
scanning the time delay between pump laser and probe laser, we obtain the
speed distribution of this position since the travelling distance of the investigated
position (i.e., the distance between the crossing points of the pump and probe
laser with the gas pulse) is accurately known. In addition, the overall speed
distribution of the entire molecular beam could be determined by integrating
speed distributions of different beam positions.
3.3 Results and discussion
3.3.1 Beam density
Previously reported beam densities for pulsed molecular beams are in the range
of 1013-1014 particles / cm3.110;123;128;129We measure beam densities using a FIG
in a single chamber setup, and after a skimmer in the differentially pumped
two-chamber setup.
In the two-chamber setup, the distance between nozzle and skimmer is about
80 mm and the skimmer has a diameter of 1 mm. We discuss here the results for
the NPV operating at 10 Hz and 3 bars pressure of 0.1% NO/He behind the nozzle.
The pressure in the source and detection chamber typically increases by about
2.6 ×10−5 mbar and 1.1 ×10−6 mbar, respectively. We note that these values are
for normal operation; the intensity can be increased ∼tenfold by lengthening the
opening time of the valve. However, at these conditions the skimmer started to
show choking effects (lower S, higher Trot , and a long tail), therefore, we worked
with the shorter opening time conditions.
Although calibrating the density of a molecular beam pulse is notoriously
difficult and prone to error, we estimate the beam density simply from the pres-
sure rise. Since the turbo molecular pump has a pumping speed of 65 L s−1 for
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helium, the detection chamber has a load of 7.2 ×10−8 bars L s−1. Because the
repetition rate of the valve was 10 Hz, a single gas pulse creates a load of 7.2
×10−9 bars L, which is equivalent to 3.2 ×10−10 mol or N0 = 1.9 ×1014 particles
per pulse in the detection chamber. The gas pulse is assumed to be a Gaussian
function with a temporal shape f(t) = N0
1
σ
√
2pi
exp(-t2/2σ2), with FWHM ≈ 20µs
= 2.355σ. Using the nozzle and skimmer geometry, the centerline beam has solid
angle of Ω = 1.2 ×10−4 sr entering the detection chamber. Therefore, the beam
brightness is B =
N0
σ
√
2piΩ
= 7.4 ×1022 particles s−1 sr−1. The beam intensity at
the crossing point with the laser d = 12 cm downstream of the nozzle is I =
B
d2v
=
7.4 × 1022particles · s−1 · sr−1
122cm2sr−1 · 1.85 × 105cm · s−1 = 2.8 ×10
15 particles cm−3, which by this
rough estimate is higher than the previously reported values. For argon carrier
gas (pumping speed: 69 L s−1), the same calculation method results in a beam
intensity of about 1.2 ×1015 particles cm−3.
Table 3.1: Results of the FIG measurements comparing the NPV with two other
pulsed valves (standard operation, not specifically optimized for short pulse
duration) in pure helium. The uncertainty in all values is 20% or higher.
Backing pressure 1 bar 3 bars
Properties Peak particle FWHM Peak particle FWHM
number (µs) number (µs)
NPV 9 ×1013 50 9 ×1013 40
PV1 2 ×1013 160 3 ×1013 150
PV2 1 ×1013 500 2 ×1013 450
Backing pressure 6 bars 10 bars
Properties Peak particle FWHM Peak particle FWHM
number (µs) number (µs)
NPV 5 ×1013 27 5 ×1013 24
PV1 2 ×1013 70 2 ×1013 50
PV2 2 ×1013 400 2 ×1013 330
The single chamber setup measured results for the NPV are shown in Table 3.1
along with those for two other pulsed valve designs in current use in our labor-
atory (PV1: Jordan valve; PV2: General valve). For all three pulsed valves, results
were obtained using pure helium gas at several different backing pressures. The
emission current applied on the filament of the FIG was kept constant at 0.8 mA
and the grid voltage at 200 V. The resulting signal at the FIG collector was fed
to an oscilloscope to view the temporal profile of the beam intensity. From these
traces, the peak value and FWHM reflect the beam density and pulse length of
the investigated pulsed valve. The total area under each trace corresponds to
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the number of particles per pulse (N0), and the peak intensity (particle number)
can be derived in a straightforward manner, which is similar to the calculation
process in previous paragraph.
As the backing pressure increases the opening time/voltage setting of the NPV
has to be adjusted to give more driving power to overcome the blocking force.
The driving pulse was optimized to give the shortest pulse length under "normal"
intensity conditions. The consequence of this necessity, also found for the other
valves, is that for each valve the density information as a function of backing
pressure in Table 3.1 is quite qualitative. From Table 3.1 , we conclude that all
three pulsed valves have their best performance at higher backing pressure. In
this simple comparison, the NPV beam density and pulse length were better than
those of the other two pulsed valves currently used in our lab. Hence, the new
NPV is able to generate a short pulse and high density molecular beam.
3.3.2 Beam pulse duration and temperature: Single laser scan
In order to study the pulse duration and rotational temperature of a skimmed
molecular beam, we performed delay scans and wavelength scans using a single
laser in the setup shown in Fig. 3.5 . The results can be compared to the FIG
data from Sec. 3.3.1. Here, we show some representative results of the meas-
ured gas pulse duration: ion intensity as a function of the time delay between
the drive pulsed voltage of NPV and the crossing time of the nanosecond laser
pulse with the gas pulse of a seeded beam of 0.1% NO in helium or 0.5% NO
in argon (the difference in concentration is due to a compromise between car-
rier gas cooling effect and signal intensity, which can decrease with increasing
NO concentration especially in Ar carrier gas due to formation of clusters). The
gas pulse was measured in two differentially pumped (VARIAN Turbo-V81-M)
vacuum chambers consisting of the NPV and skimmer in the source chamber,
and a VMI lens with microchannel-plate (MCP)/phosphor screen in the detection
chamber. In this measurement, the valve nozzle diameter was 500 µm and a 1
mm skimmer was mounted 8 cm from the nozzle exit to allow for differential
pumping of the two chambers. The backing pressure behind the nozzle was 6
bars. The pulsed gas beam was crossed 12 cm downstream from the nozzle exit
by a tunable nanosecond dye laser frequency doubled to ∼226 nm in order to
state-selectively ionize NO ( 2Π1/2, J = 1/2). The NO+ parent ions were accelerated
by the ion lens assembly to the detector and the total ion yield was measured
by detecting the light of the phosphor screen with a CCD camera. The pressure
in this detection chamber was 1 ×10−7 mbar when the molecular beam was off
and increased to about 2 ×10−6 mbar for 0.1% NO in helium or 3 ×10−7 mbar for
0.5% NO in argon when the valve was pulsed at 10 Hz. The difference in pressure
increase still leads to comparable beam intensities, as the calculations showed in
Sec. 3.3.1:2.8 ×1015 particles cm−3 and 1.2 ×1015 particles cm−3 for 0.1% NO/He
and 0.5% NO/Ar, respectively.
In Fig. 3.6 , the time-of-flight profile is presented that is recorded when using
the two different seeded beams. The bottom curve displays the intensity of NO+
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ions produced by REMPI of the 0.1% NO/He beam, and detected by gating the
MCP gain voltage with a negative HV pulse at a time corresponding to the TOF of
the mass of NO+. The time delay was scanned in small steps of 3µs. As can be seen
in the lower curve of Fig. 3.6 , the NPV produces a short gas pulse with FWHM
down to about 20 µs. In the top trace of Fig. 3.6 , we present a time delay trace
measured for a beam of 0.5% NO/Ar with 5 µs scanning steps. A typical pulse of
FWHM = 25 µs is measured. We note that the FIG data showed slightly larger
values for the FWHM, although both measurements have been taken at 12 cm
downstream. We attribute this difference to detecting only the lowest rotational
state, and to secondary collisions, which added a small contribution to the falling
edge of the FIG data on top of the direct beam signal.
Figure 3.6: Total NO+ ion yield, as measured by the CCD camera of the light
from the phosphor screen behind the MCP detector, of two different skimmed
beams of 0.1% NO in helium and 0.5% NO in argon at 6 bar backing pressure.
The intensities of NO (J = 1/2) are presented. The distance between nozzle and
laser ionization region was 12 cm. Pulsed beams with FWHM duration as short
as 20 µs can be made with the NPV. Each curve was normalized individually and
the top curve (0.5% NO in argon) was shifted vertically by one unit for clarity.
To investigate the internal rotational temperature of the NO molecule, a (1+1)
REMPI spectrum was also taken around 226 nm. The acquired spectrum shows
that rotationally cold seeded beams can be produced by NPV (see Fig. 3.7 ). Since
the rotational constants of NO are well known in its ground and excited state,
the simulation program (PGOPHER)130 could be utilized to simulate the REMPI
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spectrum between 44180 cm−1 and 44230 cm−1. Comparing the experimental
result to the simulation, a molecular beam with 6 K rotational temperature could
be produced for 0.1% NO/He, while a lower rotational temperature (1.5 K) could
be produced for 0.5% NO/Ar. The rotational temperature was almost constant
across the beam profile, thus, the same in the leading edge and falling edge as at
the central part. While Ar is known to be most efficient in rotational cooling, He,
presumably due to less heating by cluster formation, yields a higher speed ratio
than Ar.
Figure 3.7: REMPI spectrum acquired for NPV molecular beam using (a) 0.1%
NO/He, (b) 0.5% NO/Ar, and comparison with simulation.
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3.3.3 Speed ratio: Double delay scans
Pulsed valve gas pulses can be inhomogeneously broadened because the nozzle
pressure and density are changing during the short duration of the gas pulse,
resulting in a variation in the speed ratio over the length of the gas pulse. The
speed ratio of the Amsterdam cantilever valve, for example, was reported123
to reduce by about 41% of the maximum value at temporal positions halfway
in the rising edge or falling edge of the short duration pulse. Therefore, direct
measurement of speed distributions at different temporal positions of the beam
pulse packet is needed for a full kinematic characterization.
In this work, we designed a pump-probe scheme (labeled double delay scan)
to accomplish this time dependent velocity distribution measurement using pre-
excitation of the beam near the nozzle exit by a focused nanosecond laser pulse.
In this way, a very small (20 µm diameter) package of tagged molecules was
created for later detection. The NPV was operated at 10 Hz and 3 bars backing
pressure of two gas mixtures: 0.1% NO in He and 0.5% NO in Ar. Around 2 mm
after the nozzle exit (position "A"), a pump laser beam state selectively excited the
seeded molecule NO from its ground state X2Π1/2(v = 0, J = 1.5) to the A2Σ+(v =
0, J = 1.5) excited state. The excited A2Σ+(v = 0) state has a fluorescence lifetime of
around 100 ns and a proportion of the excited NO will decay to X2Π1/2(v = 1, J =
1.5). In fact, because of poor Franck-Condon overlap a whole series of vibrational
states will become populated via non-diagonal transitions to the ground state.
At d =110 mm downstream from the interaction position between pump laser
pulse and molecular beam, a probe laser beam crosses with the molecular beam
(position "B") and state selectively ionizes the X2Π1/2(v = 1, J = 1.5) state of NO.
The ionized NO+ is extracted by the VMI lens and detected by a MCP/phosphor-
screen detector. By scanning the time delay between the drive pulse of NPV
and pump laser (tA), different positions of the molecular beam pulse packet are
selected for the speed ratio distribution measurement. By subsequently scanning
the time delay between pump laser pulse and probe laser pulse (∆t), the speed
distribution for a particular initial position on the molecular beam pulse packet
is acquired. These measurements thus require scanning two delays for the full
kinematic characterization of the molecular beam, hence, the denotation "double
delay scan". In practice, the pump laser timing was fixed and the drive pulse
of the NPV was scanned (for scanning tA) to select different temporal positions
within the molecular beam. For each position, the timing of the probe laser was
changed for the ∆t scan to obtain the speed distribution (derived from v = d/∆t).
The measured result and derived speed distribution are shown in Fig. 3.8
for 0.1% NO/He. The DDS is shown in Fig. 3.8(a) where each pixel in the image
contains a set of 3D data: ion intensity (in false color representation), time delay
tA) on the vertical axis, and pump-probe delay ∆t on the horizontal axis. Note
that the DDS of a "perfect" pulse should be as small as possible in both horizontal
and vertical directions, whereas in reality an "s" form is found where early in
the pulse the beam is faster than average and late in the pulse slower than
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Figure 3.8: Results from 0.1% NO in He. (a) 3D image taken using a pump-probe
scheme: pump-probe delay at the horizontal axis, and NPV-pump delay at the
vertical axis. Measured ion intensities are represented in false color represent-
ation. The curve above the image (derived from integration of ion intensities
along vertical axis) presents the travelling time distribution of the whole pulse
packet between pump and probe position. The curve on the right side of the
image (from integration of ion intensities along the horizontal axis) displays the
molecular pulse profile at the pump position. (b) Overall speed distribution at
the pump position: the mean speed is about 1850 m/s and the speed spread in the
form of ∆vFWHM = 96 m/s, the speed ratio is 32 (S = 1.66·v/∆vFWHM). The curves
drawn through the dat points are only meant to guide the eye.
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Figure 3.8: (c) Molecular beam pulse profile at the pump position (left curve of
bottom figure) and probe position (right curve of bottom figure). Corresponding
distributions of the speed ration S are shown in the upper figure.
average. The horizontal dimension of the DDS reflects the speed distribution
(every line in a speed distribution is a certain point in the pulse) whereas the
vertical dimension shows the temporal profile of the pulse (every column in a
temporal profile is a certain velocity group of the pulse). When summing the
vertical profiles together, the overall temporal profile of the pulse is obtained
(shown as the vertical distribution next to the image). Similarly, when summing
the horizontal profiles together one gets the overall speed distribution of the pulse
(shown below the DDS) after conversion from time to speed (see Fig. 3.8(b)).
From this figure, it is found that the overall speed distribution curve for He as
carrier gas peaks at 1850 m/s and has a FWHM of ∼96 m/s. Therefore, the overall
speed ratio S = 1.66·v/∆vFWHM = 32.
The tA, ∆t DDS data thus yield information on the temporal profile at position
A and the speed distribution. This is enough information to also extract the
temporal profile at position B, for each pixel tA, ∆t can be translated to the delay
between valve and probe laser tB through the relation tB = tA + ∆t. The tA, ∆t DDS
can thus be converted into a tB, ∆t DDS to extract the information for position
B. For He, we only presented the first DDS, because it was very similar to the
second DDS due to the high speed ratio.
Speed distributions and temporal profiles across the molecular beam pulse
are shown in Fig. 3.8(c) . The left curve of the bottom figure displays the temporal
profile at the pump position A (the same as the curve on the right hand side
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of Fig. 3.8(a) ). The right curve is the temporal profile at the probe position B,
extracted from the tB, ∆t DDS (not shown). At the peak position of the curve, the
speed ratio reaches its maximum value, which is equal to about 50. However,
the speed ratio decreases when the investigated position moves far away from
the peak. This is because the gas density at the leading and falling edges is not
as high as in the peak of the pulse resulting in fewer collisions and a decreased
speed ratio. Comparing the parameters between pump and probe position, there
is no obvious difference between speed ratio values, but the pulse duration at the
probe position is somewhat broadened compared to the pumping position. This
is reasonable considering the transmission of the molecular beam pulse packet
with the translational speed distribution.
We performed the same measurement for a molecular beam of 0.5% NO/Ar,
The main results can be seen in Figs. 3.9 and 3.10. The mean speed for this beam
is about 620 m/s and the speed distribution has a spread of ∆vFWHM = 94 m/s.
Therefore, the overall speed ratio is calculated to be about 11, much lower than
the value of S = 32 for the molecular beam of 0.1% NO/He. At the peak of the
pulse, the speed ratio exceeds 30, as shown in Fig. 3.10(b) .
The tA, ∆t DDS is shown in Fig. 3.9(a) , and the tB, ∆t DDS in Fig. 3.9(b). From
these, it can be clearly seen that pulse duration is much broader at the probe
position than that at the pump position. This is due to the lower speed ratio:
the pulse packet broadens more during its transmission. It is also seen that later
in the pulse the average speed slows down when using Ar as the carrier gas.
When taking horizontal profiles in the DDS images, the speed distributions at
particular points within the molecular beam are obtained. From these it follows
that the speed distributions are narrower at the probe position compared to the
pump position. This is why the speed ratios at the probe position are higher than
at the pump position (see Fig. 3.10(b)). In a simple picture, it is quite clear why the
speed ratio becomes higher when detected further downstream the nozzle: the
further downstream from the nozzle, the beam has spread out spatially so much
that the molecules in a small temporal window move with approximately the
same velocity. Also, the valve opening time becomes short compared to the total
flight time of the molecules, which results in a sharper definition of the speed.
In summary, this double delay scan approach using tagged NO offers detailed
insight into the actual speed distributions of the gas pulse.
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Figure 3.9: Speed ratio measurement for NPV produced molecular beam of 0.5%
NO/Ar: (a) original 3D image for pump position and (b) derived one for probe
position.
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Figure 3.10: Speed ratio measurement for NPV produced molecular beam of 0.5%
NO/Ar: (see also caption of Fig. 3.8) (a) Overall speed distribution, (b) molecular
beam pulse profile at the pump position (left curve of bottom figure) and probe
position (right curve of bottom figure). Corresponding distributions of the speed
ration S are shown in the upper figure.
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3.3.4 Other parameters
During the NPV performance characterization, some general parameters were
also examined. First of all, we investigated the dependence of the pulse duration
and speed distributions as a function of the backing pressure between 1 and
10 bars. As shown in the FIG data, the pulse duration becomes shorter with
increasing backing pressure, but the speed ratio did not change much in this
pressure range. This is in accordance with the findings of Even and co-workers,121
who found the speed ratio to increase dramatically only at pressures well above
the range we investigated. The rotational temperature also did not change very
much with backing pressure.
Second, we investigated the pulse performance at different nozzle-skimmer
distances. Increasing the distance from 8 to 13 cm did not change the speed
ratios and rotational temperatures, only the measured pulse duration was a little
longer. This is reasonable because of a broadening of the molecular beam during
its transmission from the nozzle to the ionization region.
Third, when using higher beam intensities the pulses in the detection region
became longer, especially at the tail. This effect was presumably due to clogging
(or choking) effects by the 1 mm diameter skimmer. To reduce this effect, we
replaced the skimmer with a 2 mm diameter one, which lead to similar results on
the NPV performance. The actual skimmer interference effects remain an issue
to be kept in consideration when designing experiments.
Fourth, we experimented also with a 200 µm diameter nozzle mounted on
the same valve. Unfortunately, the design with the larger diameter O-ring was
not optimized, leaving a dead volume behind the nozzle. As a result, the beam
pulses from this nozzle were considerably longer. In a future design, this dead
volume issue will be resolved. The results in this chapter are all for a small strip
length and magnet sizes (5 mm). In our first design, we used 10 mm magnets
and longer strips, which showed similar characteristics. Although we expected a
better performance due to the smaller strip mass, the smaller magnetic field res-
ulting in less driving power via the Lorentz force apparently limited the expected
improvement.
3.4 Conclusions
In this chapter, we report on the design and operation of a novel homebuilt
Nijmegen Pulsed Valve for the production of short and rotationally cold pulsed
molecular beams. Short pulses with a FWHM = 20 µs (for 0.1% NO in 6 bars
He) are measured at a distance of 12 cm downstream from the nozzle using a
1 mm diameter skimmer that is located 8 cm downstream from the nozzle. The
resulting molecular beam has a higher density and shorter pulse length than other
pulsed valves currently used in our lab using the same 0.5 mm nozzle diameter.
The short gas pulses make it possible to operate the pulsed valve in setups with
very modest pumping. Operation was demonstrated in a small differentially
pumped system of two vacuum chambers containing the pulsed valve and a
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particle MCP detector. Both chambers were pumped by only 65 L/s pumps, with
the beam "on," the detection chamber maintained a pressure around 1 ×10−6
mbar. The low gas load of the valve makes it possible to design very compact
molecular beam machines with high quality cold and intense supersonic beams.
These characteristics were obtained with a valve that is conceptually simple, easy
to build and robust in operation. In addition, the low construction cost of the
NPV and its electronics offers an interesting alternative for current commercially
available valves.
The pulse width of the NPV should continue to decrease with increasingly
higher backing pressures. Investigations by Even and co-workers125 showed also
that the speed ratio should become much higher by increasing the backing pres-
sure to ∼50 bars. In this study, when increasing the beam density by lengthening
the valve opening time, the skimmed beam showed a long tail, indicative of a
clogging effect. The leading edge still was very steep, its steepness increasing with
backing pressure. Further investigations are ongoing towards the higher back-
ing pressures to obtain colder, shorter, and high speed ratio molecular pulses.
This involves a higher driving power to overcome the blocking force and using
smaller diameter nozzles without dead volumes.
NPVs described here have been operating in our laboratory for at least 108
shots thus far without failure. Since the current strip also actively closes the
nozzle, vacuum interlocks are necessary to protect against an eventual breakage.
The measurements presented here use dilute gases. The thin Al strip should be
gold coated for use with higher concentrations of aggressive gases. The Curie
point of the Nd magnets used here is also rather low (∼80 Ci) which means the
NPV cannot be used at high temperatures. Work is underway to modify the valve
for operation at lower temperatures, higher repetition rates and with corrosive
gases.
3.5 Outlook
Since its commissioning, the NPV has demonstrated its capabilities in several
experiments on small molecules.131–133 For the experiments on large and complex
biomolecules, as described in chapters 4 and 5, a molecular beam source is needed
to cool the laser desorbed sample molecues to low temperature. Considering the
efficient cooling effect of NPV produced molecular beam, it is expected that the
NPV would improve the cooling of the laser desorbed biomolecules. This would
allow us to employ high-resolution IR-UV spectroscopy to a wide variety of
molecules.
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of the dipeptides Ac-Phe-Ser-NH2
and Ac-Phe-Cys-NH2:probing the
SH· · ·OandOH· · ·Ohydrogenbond
interactions
Abstract
The conformational preferences of peptides are mainly controlled
by the stabilizing effect of intramolecular interactions. In peptides
with polar side chains, not only the backbone but also the side chain
interactions determine the resulting conformations. In this paper, the
conformational preferences of the capped dipeptides Ac-Phe-Ser-NH2
(FS) and Ac-Phe-Cys-NH2 (FC) are resolved under laser-desorbed jet
cooling conditions using IR-UV ion dip spectroscopy and density
functional theory (DFT) quantum chemistry calculations. As Serine
(Ser) and Cysteine (Cys) only differ in an OH (Ser) or SH (Cys) moiety,
this subtle alteration allows us to study the effect of the difference in
hydrogen bonding for an OH and SH group in detail, and its effect
on the secondary structure. IR absorption spectra are recorded in two
different regions: 3200 cm−1 - 3600 cm−1 (NH stretch region) and 1400
cm−1 - 1800 cm−1 (NH bend and C=O stretch region). In combination
with quantum chemical calculations the spectra provide a direct view
on intramolecular interactions. Here, we show that both FS as FC
share a singly γ-folded backbone conformation as the most stable
conformer. The hydrogen bond strength of OH· · ·O (FS) is stronger
than that of SH· · ·O (FC), resulting in a more compact gamma turn
structure. A second conformer is found for FC, showing a β turn
interaction.
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4.1 Introduction
Proteins are important biomolecules in living cells, for example, they catalyze
biochemical reactions, replicate DNA, act as biomolecular motors, and trans-
port oxygen. The function of these biomolecules is made possible by dedicated
three-dimensional structures. These structures depend on the sequence of amino
acid residues, but also on their non-covalent intramolecular interactions (e.g. hy-
drogen bonds and dispersion interactions) and interactions with the molecular
environment of the protein.134;135 The molecular complexity of the biological and
protein environments conceals many intrinsic structural properties. In order to
obtain detailed conformational information, small peptides must be studied un-
der isolated conditions with only intramolecular interactions present. Gas phase
infrared (IR) spectroscopy is frequently used to determine molecular structure,
and has proven to be a powerful tool in determining the intrinsic conformational
properties of amino acids136–138 and small peptides139;140. Using IR-UV ion dip
spectroscopy93, the conformational information of many neutral biological mo-
lecules has been retrieved.55;141–148 The IR absorption frequencies of the amide
(NH stretch, C=O stretch, NH bend) vibrations change dramatically under the in-
fluence of intramolecular interactions. A comparison of the peak positions with
quantum chemical calculations, results in the secondary structure of peptides,
revealing structural motifs, such as helices,149 β-turns,42;150 and γ-turns.151;152
In the present experiments, peptides are chemically protected on their termini
to mimic the behavior of the peptide bonds, so that the molecules can be con-
sidered as model segments of a protein chain. The peptides studied in this paper
are capped with an N-acetyl group (Ac-) on the N terminus and an amino group
(-NH2) on the C terminus.42;59;149;150;152 Di-amides are the shortest species capable
of forming γ-turns. Indeed, both protected alanine (Ala)153 and Z-capped proline
(Pro)154 show a γ-turn as the most stable structure. In aromatic residues such as
tryptophane (Trp)155, phenylalanine (Phe)150 and tyrosine (Tyr)156, the extended
β-strand-like conformation (referred to as βL) dominates. When lengthening the
sequence of amino acids, secondary structure β-turn conformations were found
for protected dipeptides (specifically tri-amides), which probably competes with
the locally preferred γ-turn conformation. Previous work on the isolated protec-
ted peptides Ac-Phe-Xxx-NH2 (Xxx = Gly, Ala. Val, Pro)42;59;151;152 demonstrated
that a gamma-turn structure (βL-γL) is the intrinsic prevalent conformation while
β-turn structures are only found in minor population. However, for the protected
peptide Ac-Phe-Phe-NH2 55;157, the β-turn conformer is the most populated one,
followed by a δL-γL structure, which was observed for the first time in a dipeptide
in the gas phase, with a very minor contribution of the βL-γL type. Biswal and
his coworkers show that the β-turn structure is the only conformer found for the
sulphur containing peptide Ac-Phe-Met-NH2.158
In order to address the biologically important OH· · ·O and SH· · ·O inter-
actions, we have studied the conformation preference of the capped peptides
Ac-Phe-Ser-NH2 (abbreviated as FS) and Ac-Phe-Cys-NH2 (FC) by IR-UV ion
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dip spectroscopy in combination with high-level density functional theory (DFT)
calculations. The chemical structures of the studied dipeptides (Fig. 4.1) are very
similar, the only difference is an -OH in the Ser residue vs. an -SH in the Cys
residue. The OH group, a strong hydrogen bond (H-bond) donor, is expected
to form an intense H-bond with a nearby acceptor (e.g. C=O group from Ser
residue in FS), which would stabilize the structure significantly. The SH group is
a weaker H-bond donor. The initial research question was, whether the weaker
SH· · ·O interaction would lead to different and/or more conformers for the sul-
phur containing dipeptide.
Figure 4.1: Chemical structures for (a) Ac-Phe-Ser-NH2 (FS) and (b) Ac-Phe-Cys-
NH2 (FC), the structures differ by the substitution of a single atom
4.2 Experimental and computational methods
4.2.1 Experimental Methods
All experiments were performed using a pulsed molecular beam setup equipped
with a laser desorption source and a time-of-flight mass spectrometer, which has
been described in more detail in ref159 and chapter 2. The capped dipeptides FS
and FC were purchased from Genecust and were used without further purific-
ation. Before being applied on a solid graphite sample bar (50×15×1 mm), the
samples were mixed with carbon black powder. This solid graphite sample bar
was placed on a translation stage to provide a fresh sample every laser shot.
A pulsed Nd:YAG laser (Polaris II, New Wave research) with a pulse energy of
about 1 mJ at wavelength of 1064 nm was used to desorb the sample molecules
from the graphite matrix. The neutral gas-phase molecules are directly cooled in
a supersonic molecular beam of argon with a backing pressure of 3 bar, produced
by a pulsed valve (R.M. Jordan Co.). About 10 cm downstream, the molecular
beam is skimmed and enters the differentially pumped reflector time-of-flight
(TOF) mass spectrometer. Here, the isolated molecules interact with a UV beam
produced by frequency-doubled (BBO) output of a Nd:YAG (Innolas GmbH,
Spitlight 1200) pumped dye laser (Radiant Dye, Narrowscan) using Coumarin
153. Ions were created by an one color (1+1) REMPI scheme160. The ions are ac-
celerated into the reflector TOF tube and are detected with a dual microchannel
plate detector (Jordan Co.). The UV laser is operated at 10 Hz with typical pulse
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energies of about 1.5 mJ.
IR absorption spectra are recorded using IR-UV ion dip spectroscopy.48;161
In this approach, ions of a selected conformer are produced constantly from
ground state molecules with a UV laser via a (1+1) REMPI scheme. About 300
ns prior to the UV laser beam, an IR beam in 3200 cm−1 - 3600 cm−1 region
produced by YAG-pumped optical parametric oscillator (OPO) or in 1400 cm−1 -
1800 cm−1 region produced by the free electron laser FELIX (Free Electron Laser
for Infrared eXperiments)162, which is spatially overlapped with the UV beam
interacts with the molecular beam. Whenever the IR laser is resonant with a
vibrational transition of the selected conformer, population is transferred from
the ground state to a vibrational level and a dip in the ion signal is observed. By
measuring the ion yield of the mass of interest as a function of the IR wavelength,
a mass-selected IR ion dip spectrum is obtained. To minimize signal fluctuation
due to long-term UV power drifts and changing source conditions, alternating
IR-off and IR-on signals are measured by operating the IR laser at 5 Hz and
the UV laser at 10 Hz. To identify the number of conformers for each studied
dipeptide, IR-UV hole burning spectroscopy has been used. Here, the IR laser is
fixed on a frequency where only one selected conformer absorbs. By scanning
the UV laser, depletion occurs for peaks in the REMPI spectrum originating from
the same conformation.
4.2.2 Theoretical Methods
To assign structures for conformers of studied peptides, quantum-chemical calcu-
lations were performed. The computational method has already been described
in more detail previously.61;163 First of all, the simulated annealing (SA) approach
using the GROMACS4 package164 and the amber99sb force field96 is applied for
the conformational search. Secondly, about 30 low-energy conformations gener-
ated in the SA approach are optimized at the B3LYP99/6-31G(d,p) level of theory
using the Gaussian09 program package.165 Finally, the 15 lowest energy struc-
tures are optimized again using the B3LYP functional with the 6-311+G(d,p) basis
set, and meanwhile their harmonic vibrational frequencies are calculated. To cor-
rect for anharmonicity, a scaling factor of 0.9642;151;166 and 0.984561;163 was used
in 3200 cm−1 - 3600 cm−1 region and 1400 cm−1 - 1800 cm−1 region respectively.
Although B3LYP is frequently used for frequency calculations of biomolecules,
dispersion interactions are not taken into account.167 In order to estimate the ef-
fect of this deficiency, the dispersion energy corrected functional B97-D100 is also
used here to optimize structure and calculate frequencies. Here, in 3200 cm−1 -
3600 cm−1 region, a scaling factor of 0.976 was used for anharmonicity correction.
Moreover, for backbone NH and NH2 stretches, the theoretical frequencies can
also be corrected using mode-dependent scaling method determined by compar-
ing theoretical and experimental results from a library of previously assigned
peptides.52 Theoretical scaled frequencies fth were obtained using the empirically
derived equation fth = a × f0th + b (with f0th, original theoretical frequency), where
the set of (a, b) parameters were (0.92135, 188 cm−1) for NH stretch, (0.63115, 1210
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cm−1) for NH2 symmetric stretch and (0.60872, 1324 cm−1) for NH2 asymmet-
ric stretch. The relative energies of the most stable conformations presented in
structure assignment are obtained from the B97-D/6-311+G(d,p) level of theory.
4.3 Results
4.3.1 REMPI Spectra
Figure 4.2: Mass-selected one color REMPI spectra of protected dipeptides Ac-
Phe-Ser-NH2 (low panel) and Ac-Phe-Cys-NH2 (top panel) in the origin region
of the S1←S0 transition. According to the results of the IR-UV hole burning
experiments, conformers are identified and labeled.
Figure 4.2 presents the UV REMPI spectra of the studied dipeptides in the
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origin S1←S0 spectral region (from 37300 to 37600 cm−1). The mass spectra of
both FS and FC are dominated by a parent mass peak with very minor fragment
peaks, indicating that both dipeptides are brought intact into the gas phase. The
narrow features of the REMPI spectra reflects an efficient rovibrational cooling
process during the expansion. The REMPI spectrum of FS shows a sharp main
peak at 37390 cm−1, two additional peaks 37426 cm−1 and 37449 cm−1 and some
smaller bands. IR-UV ion dip spectra were recorded in amide A region for these
three UV wavelengths. The IR spectra at these UV wavelengths were identical,
indicating that they originate from the same conformation.
The presence of only one conformer was confirmed by IR-UV hole burning
measurements, where the IR laser was fixed on one of the IR transitions while
the UV laser was scanned. We found that all peaks in the REMPI spectrum were
depleted at any one of the five IR positions (see Figure 4.3A). On the red side of
Figure 4.3: REMPI spectrum (panel a) and IR-UV hole burning spectra (panel
b) of Ac-Phe-Ser-NH2 (FS, A) and Ac-Phe-Cys-NH2 (FC, B). For FS, IR burning
laser is fixed at any vibrational frequency of the 5 modes showed in Fig. 4.4A. All
REMPI signal is depleted, indicating that they originate from the same conformer;
For FC, IR burning laser is fixed at 3362 cm−1 (red color) and 3395 cm−1 (blue
color) respectively. Combination of the two hole burning spectra forms REMPI
spectrum, indicating that two conformers of FC exist.
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the origin, a hot band was observed, from which a vibrational temperature of 15
Kelvin was estimated for the jet cooled molecular beam.
The REMPI spectrum of FC (the sulphur containing peptide) is clearly differ-
ent. The number of transitions is large compared to that of FS, indicating a more
complex Phe environment and as we will see the presence of two conformers.
The combined results of IR-UV ion dip and IR-UV hole burning measurements
(see Figure 4.3B) show that apart from the most intense conformer (labeled A),
a second conformer (labeled B) is present. Conformer A is characterized by an
intense origin band at 37325 cm−1 with a vibrational progression expanding over
more than 100 cm−1, while the origin of conformer B lies 37450 cm−1 and has a
smaller vibrational progression (50 cm−1). The similar REMPI spectral features,
both relative intensity as well as the distance between the peaks, for FS and
conformer A of FC suggest that the Phe environments in these two species are
comparable.
4.3.2 Infrared Spectra
The serine-peptide (FS). The IR spectrum of FS (Fig. 4.4, panel A) has been recor-
ded in the amide A region with the UV laser parked on the peak at 37390 cm−1.
In this region, five modes are expected, namely the O-H stretching vibration,
two N-H stretching modes, and the symmetric and asymmetric NH2 stretching
vibrations. The frequency of a free NH stretching vibration lies in the 3450-3500
cm−1 range and may shift when involved in a weak interaction such as C5 or
NH-pi interaction, to the range 3420-3460 cm−1. A red-shift to below 3400 cm−1 is
observed upon strong H-bonding as in C7 or C10 interactions.150 The asymmetric
(higher frequency) and symmetric N-H stretching modes of the C-terminal amino
group are typically separated by 117 cm−1 when the amino group is not involved
in H-bond interactions.150 However, if one of the NH oscillators is involved in
an intramolecular H-bond, this doublet split increases together with the shift of
symmetric N-H stretching frequency toward 3250 cm−1.59 The stretching mode
of a free hydroxyl group lies in the 3620 to 3670 cm−1 region, and red shift upon
H-bonding. Therefore, we assign the peak at 3556 cm−1 to the OH vibration red
shifted due to a strong H-bond interaction, and the bands at 3517 cm−1 and 3357
cm−1 to the H-bonded NH2 asymmetric and symmetric vibration. The two peaks
3403 and 3454 cm−1 in the measured IR spectrum of FS are associated with the
stretch vibration of two NH groups.
The magnitudes of the red-shifts in the IR spectra indicates strong intramolecu-
lar H-bond interactions, such as C7 or C10. By comparing the experimental spec-
trum to DFT predictions, it was found that the lowest energy structure shows
a C5 interaction (βL) for the Phe residue and a C7 interaction (γL) for the Ser
residue. Fig. 4.4 (panels B-F) shows the calculated spectra of five lowest energy
structures using the B97-D functional. The absorption lines of the calculated fre-
quencies were convoluted with a Gaussian line shape function with a full width
at half-maximum (FWHM) of 5 cm−1 to match the observed experimental line
width. The black bars present the peak positions of the vibrational modes so
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Figure 4.4: IR-UV ion dip spectra of FS (panel A, UV wavelength used is 37390
cm−1), and the theoretical spectra of the five lowest energy structures (panels B-F),
calculated at the B97-D/6-311+G(d,p) level of theory. The frequencies of the the-
oretical spectra are scaled (a) by a factor of 0.976 (b) using mode-dependent factor
(0.976 for OH vibration band) to account for anharmonicity. The experimental
spectrum is assigned to structure FS1 in the form of βL-γL.
that the overlapping bands can be identified. The calculated spectrum of the
lowest energy structure FS1 (βL-γL, Fig. 4.4B) reproduces the experimental spec-
trum very well. Furthermore, the comparison of zero-point corrected energy and
Gibbs free energy at 300 K (see Table 4.1) confirms that FS1 is the most stable
conformer. To increase the predictive power of DFT, we also applied a frequency
correction by a mode-dependent scaling method (see Fig. 4.4b),52 the result of
which also indicates that FS1 can be assigned to the observed conformer. Among
other lowest energy structures, FS2 and FS5 are very similar to FS1. Nevertheless,
the C5 H-bond is absent in FS2 while dispersion interactions are not observed
in FS5, which makes these structures less stable. Additionally, FS3 and FS4 are
β-turn type structure and their calculated spectra do not match to experimental
spectrum.
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Table 4.1: Relative Electronic Energies (Eelec), Zero-point corrected Energies
(ZPE) and Gibbs Free Energies at 300 K (∆G) in kcal/mol for the Lowest-Energy
Structures of Ac-Phe-Cys-NH2 and Ac-Phe-Ser-NH2.
B97D B3LYP
Eelec ZPE ∆G Eelec ZPE ∆G
FC1 0.00 0.00 0.00 0.27 0.32 0.43
FC2 0.60 0.57 1.18 0.66 0.60 0.59
FC3 0.78 0.88 1.88 2.09 2.00 2.06
FC4 1.64 1.64 1.20 0.00 0.00 0.00
FC5 1.82 1.86 2.23 1.69 1.80 2.12
FS1 0.00 0.00 0.00 0.00 0.00 0.00
FS2 1.27 1.41 0.93 0.06 0.29 0.38
FS3 2.08 1.98 1.45 2.17 2.08 2.01
FS4 3.37 3.18 2.17 1.66 1.58 1.62
FS5 4.61 4.28 2.55 1.81 1.72 0.85
The cysteine peptide (FC). The experimental IR spectra of FC are presented in
Fig. 4.5. The bottom trace shows the prominent conformer A, while the top trace
of Fig. 4.5 shows the minor conformer B. Four modes are expected to appear
in the studied infrared region, since the weak SH vibration is expected to lie
around 2550-2600 cm−1. This band is too weak to observe with the used IR laser
system. For conformer A, only three peaks are observed, which indicates that two
modes are overlapping. This is supported by the comparison of the FWHM of
the three peaks. The FWHM of the modes are 8, 5 and 5 cm−1 for the peak at 3362,
3454 and 3522 cm−1 respectively, suggesting that the peak at 3362 cm−1 in fact
contains two different near degenerate modes. The peak position suggests that
this band combines the NH2 symmetric vibration and one of the backbone NH
stretch vibrations. The peaks at 3454 and 3522 cm−1 can be assigned to the stretch
vibration of the other NH group and NH2 asymmetric vibration, respectively. The
split in frequency of 160 cm−1 between the symmetric and asymmetric vibration
of the NH2 group of FC differs only by 5 cm−1 compared to the splitting in FS
(3357 and 3517 cm−1), suggesting a similar local environment and intramolecular
interactions for the NH2 moiety. The frequencies of the backbone NH peaks
at 3362 cm−1, with strong intramolecular interaction, and at 3454 cm−1, with
much weaker intramolecular interaction, are due to NH groups involved in
intramolecular interactions.
For conformer B of FC, the peaks at 3395 and 3529 cm−1 are assigned to the
NH2 symmetric and asymmetric modes while the remaining two peaks at 3440
and 3454 cm−1 correspond to the stretching vibrations of the two backbone NH
groups, both only weakly interacting with other groups. The small peak at 3362
cm−1 is attributed to the more abundant conformer A, which is weakly ionized
at the UV wavelengths selected for conformer B. The frequency splitting for the
NH2 stretching modes is 134 cm−1, which is less than the 160 cm−1 splitting when
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Figure 4.5: IR-UV ion dip spectra of FC (panel A, main conformer: bottom
trace with UV wavelength of 37325 cm−1; minor conformer: top trace with UV
wavelength of 37450 cm−1) and the theoretical spectra of the five lowest energy
structures (panels B-F), calculated at the B97-D/6-311+G(d,p) level of theory. The
frequencies of theoretical spectra are scaled (a) by a factor of 0.976 (b) using
mode-dependent factor. The main conformer is assigned to the structure FC2
in the form of βL-γL, while the β-turn structure FC3 is assigned to the minor
conformer.
the NH2 group is involved in a C7 interaction. However, this is still more than
the 117 cm−1 splitting for unperturbed NH2 vibrations,59 indicating the presence
of a weak interaction such as a C10 interaction.
Conformer A of FC can be assigned to the structure FC2, since all the other
low energy conformations found predict that the frequencies of the backbone NH
stretching modes are close, while they are separated by 92 cm−1 in the experiment.
The FC2 corresponds to a βL-γL structure (a C5 interaction for the Phe residue and
C7 interaction for the Cys residue). For conformer B, the spectrum of structure
FC3 obviously reproduces the measured spectrum the best compared to those
of the other calculated structures. As speculated earlier, the structure is a β-turn
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type, exhibiting a C10 interaction. The lowest energy structure FC1 (presented in
Fig. 4.5B), is not observed experimentally. The accuracy of the energies in DFT
calculation is estimated to be about 1 kcal/mol168. Hence, the energy differences
between structures FC1 and FC2, FC3 are only 0.60 and 0.78 kcal/mol are too small
to be significant. Although FC1 becomes even more stable when considering the
Gibbs free energy at 300 K (as shown in Table 4.1), the comparison between
the measured frequencies and corrected theoretical frequencies using a mode-
dependent scaling factor, see Fig. 4.6 clearly indicates that the spectrum of FC1
matches neither with conformer A nor with conformer B. Another explanation
for not finding the calculated lowest energy conformer in our experiment can be
the great structural similarity between FC1 and FC3 (see Fig. 4.6); FC1 could be
Figure 4.6: IR-UV ion dip spectra of FC(panel A) and the theoretical spectra of
three lowest energy structures (panel B-D), calculated at the B97-D/6-311+G(d,p)
level of theory. The frequencies of theoretical spectra are corrected by mode-
dependent scaling factors. FC2 in βL-γL type is assigned to the prominent con-
former (bottom trace in panel A) while FC3 in β-turn type is assigned to the minor
conformer (top trace in panel A) according to the spectra matching. Lowest en-
ergy structure FC1 is not observed probably because it is converted to the similar
one FC3 during supersonic expansion since they only differs with each other in
the direction of SH group.
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converted to FC3 during supersonic expansion by only changing the pointing
direction of the S-H bond. Additionally, it might be possible that the stabilizing
effects by dispersion interactions involving the S-H group is underestimated in
B97-D. In the β-turn structure FC3, the SH group is so close to the phenyl ring
that dispersive interactions can lower the total energy. As in the case of the FS
molecule, we have applied the mode-dependent scaling method to FC as well
(see Fig. 4.5b), and the results shows that FC2 and FC3 can be assigned to the
observed main conformer and minor conformer respectively.
4.4 Discussion
4.4.1 Conformational assignment
The conformational assignment of the experimental spectra of FS and FC is sup-
ported by DFT calculations using different functionals. Since in previous studies
on capped Phe-Xxx (Xxx = Gly, Pro, Ala, Val, Phe),42;55;59;151;152;157 the B3LYP
functional was employed, we include this functional as well for the structural
optimization and frequency calculations.
Figure 4.7: DFT optimized (B97-D functional with 6-311+G(d,p) basis set) (a)
structure FS1 for the single conformer of FS in βL-γL type, (b) structure FC2 for
the main conformer of FC in βL-γL type, (c) structure FC3 for the minor conformer
of FC in β-turn type. Intramolecular interactions C5 H-bond, C7 H-bond, C10 H-
bond, NH-pi dispersion interaction, SH-pi dispersion interaction, O-H· · ·O and
S-H· · ·O H-bond are marked by dotted lines.
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By comparing the experimental spectra in the amide A region with those res-
ulting from calculations, the conformational preferences have been determined
for FS (see Fig. 4.7a). The experimental spectrum is assigned to a βL-γL conformer,
with a C5 interaction for Phe residue and C7 interaction for Ser residue. The side-
chain interacts with the backbone by a dispersion interaction between the NH
group from the Ser residue and the phenyl ring from the side-chain of the Phe
residue and by an H-bond between the OH group of the Ser side-chain with
the C=O group of the Ser residue. As the B3LYP functional ignores dispersion
Figure 4.8: IR-UV ion dip spectra of FS (panel A) and the calculated frequencies of
DFT optimized structure FS1 using B97-D/6-311+G(d,p) with mode-dependent
scaling factors (panel B), B97-D/6-311+G(d,p) with scaling factor 0.976 (panel C),
and B3LYP/6-311+G(d,p) with scaling factor 0.96 (panel D). In panels B-D, the
corresponding modes were labeled. The OH frequency is missing in panel B,
since there is no mode-dependent scaling factor for OH.
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interactions, the calculated NH stretch vibration of the Ser residue is notably
blue-shifted (see Fig. 4.8, panel D). For the same reason the OH stretch frequency
is also blue-shifted using the B3LYP functional.
Since the studied peptides are expected to exhibit dispersion interactions, the
more suitable functional for structure optimization and frequency calculation is
the B97-D functional. Fig. 4.8C shows the calculated frequencies of the assigned
conformational structure of FS using this B97D functional with a scaling factor
of 0.976. The inclusion of an empirical correction for the dispersion interaction
in the B97-D decreases the frequency mismatch between theory and experiment,
observed in the B3LYP calculations to a large extent. Moreover, employing a
mode-dependent scaling method for the NH frequencies in combination with
the B97-D functional as introduced by Mons et al.,52 results in an excellent match
between the theoretical and experimental vibrational frequencies, as presented
in Fig. 4.8B. Unfortunately, a mode dependent scaling factor for the OH vibration
is not available, and the band is therefore not shown.
Figure 4.9: IR-UV ion dip spectra of FC (panel A) and calculated frequencies of
FC2 (a) and FC3 (b) using B97-D using the mode-dependent scaling factors (panel
B), B97-D/6-311+G(d,p) with SF 0.976 (panel C), and B3LYP/6-311+G(d,p) with
scaling factor 0.96 (panel D). The corresponding modes were labeled above the
bars indicating the vibrational frequencies.
In Fig. 4.9, the IR-UV ion dip spectra of FC are compared with DFT optimized
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vibrational frequencies. The experimental results of the main conformer shown
in Fig. 4.9a, panel (A) is compared to DFT calculations using the B3LYP (Fig. 4.9a,
panel D) and B97-D functionals (Fig. 4.9a, panel C) and to the B97-D functional
with mode dependent scaling (Fig. 4.9a, panel B). With the mode-dependent
scaling factor employed, the agreement between calculated and experimental
frequencies for the βL-γL conformer (FC2) is excellent (panel B). Therefore, the
spectrum of the main conformer of FC is assigned to the structure FC2 displayed
in Fig. 4.7b. The intramolecular interactions and the structure are highly similar
to those for FS, with a backbone C5 and C7 interaction, an interaction between
the SH group and C=O group of Cys and a dispersion interaction. The calculated
energy of the structure FC2 is only 0.60 kcal/mol higher than the lowest energy
structure found, indicating that the βL-γL type is indeed a stable structure of FC.
The similarity between the structure of FS and the main conformer of FC allows
us to study the difference in the hydrogen bond strength for an OH and SH group
in detail, as will be shown later.
For conformer B, the frequency splitting between the asymmetric and sym-
metric vibrations of the NH2 group is 135 cm−1, which is smaller than that for
the strong gamma turn C7 interaction (splitting of 160 cm−1) for both FS as for
conformer A of FC, but still more than the 117 cm−1 splitting in an unperturbed
NH2 group. Therefore, we speculate that the NH2 group for conformer B is in-
volved in either a weak C10 or a C5 interaction. Considering the structure of FC,
a C5 interaction involving the NH2 group can be excluded, hence the NH2 is
thus expected to be involved in a C10 interaction. Quantum chemical calculations
confirm this assignment. Fig. 4.9b shows the comparison of the experimental
IR spectrum of conformer B with the same set of calculations as in Fig. 4.9a
with the assigned structure (shown in Fig. 4.7c), exhibiting a C10 β-turn inter-
action. Capped dipeptides Phe-Xxx, do not often display β-turn structures, nor
are present as minor populations.42;59;151;152 The SH group interacts with phenyl
group, while the two NH groups are both not involved in any intramolecular
interactions.
In addition, the structural assignment conclusions drew above could be fur-
ther verified by the satisfied match between the measured spectra and those of
assigned structures in Amide I and Amide II region (see Fig. 4.10 ). For FS, five
revolved peaks were experimentally measured, which is also the case in the cal-
culated spectrum of assigned structure FS1 in βL-γL type. It was found that the
peak at 1708 cm−1 in fact contains two different near degenerate modes: C=O
stretch vibration from Ser residue and end cap Ac residue respectively. Due to
involving in both C5 H-bond and C7 H-bond, a noticeable red shift is expected
for the frequency of C=O stretch vibration from Phe residue, which is indeed
observed as shown by the peak at 1663 cm−1. Besides, the peaks at 1584, 1522 and
1484 cm−1 could be assigned to NH2 scissor vibration, NH bend vibration from
Ser residue and Phe residue respectively.
For FC, the measured spectrum of main conformer (FC_A) is very similar to
that of FS, except for the region around 1700 cm−1 in which two resolved peaks
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Figure 4.10: IR-UV ion-dip spectra (black, FS: bottom panel; FC_A: middle panel;
FC_B: top panel) and the theoretical spectra of the assigned structures (red) using
B3LYP/6-311+G(d,p) with scaling factor 0.9845. The corresponding modes were
labeled above the red bars indicating the vibrational frequencies.
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were observed in FC_A while in FS they are overlapped. This was expected since
the assigned 3 dimensional structure of FC_A is almost the same as that of FS (also
in βL-γL type) and differs with FS only by one moiety substitution (CH2SH and
CH2OH in side chain of Cys and Ser respectively). This subtle difference results
in a small red shift of C=O stretch vibration from Cys residue in FC_A compared
with that from Ser residue in FS, indicating that the H-bond strength of SH· · ·O=C
should be weaker than that of OH· · ·O=C (further discussion shown in subsection
4.4.3). For the minor conformer of FC(FC_B), the measured spectrum is less
resolved due to overlapping bands resulting from C=O stretch vibrations around
1700 cm−1 and two NH bend vibrations around 1500 cm−1.
4.4.2 Serine versus cysteine in the Ac-Phe-Xxx-NH2 dipeptide
Hydrogen bonds are essential in stabilizing the conformational structure. In
peptides containing serine residues, such as Trp-Ser, cyclo Phe-Ser and the
pentapeptide FDASV,45;139;169it was deduced that the hydroxyl group of the ser-
ine side-chain prefers to form a strong H-bond with the C=O group of the same
residue. This intramolecular interaction is also observed here for the gamma
turn structures (see Fig. 4.7a and b) for both FS and FC. The presence of po-
lar functional groups in the side chains, such as the -CH2OH in serine and the
-CH2SH in cysteine, is expected to increase the number of low energy conform-
ers. De Vries et al. distinguished 5 different conformers for both uncapped cyclo
(PheSer) as well as for uncapped linear PheSer.169 The UV excitation spectrum
of capped Ac-PheSer-NH2 shows a number of peaks, indicating either multiple
conformers or a conformer with a long vibrational progression. In our IR-UV
hole-burning studies, only one dominant conformation is observed in our mo-
lecular beam environment (see Fig. 4.3A). For the cysteine containing peptide FC,
which has a more dense UV spectrum, two conformations were revealed both
with a significant vibrational progression (see Fig. 4.3B). Besides the correspond-
ing gamma-turn, which is almost identical to FS, we found a structure containing
a beta turn (see Fig. 4.7c).
Although conformational studies of peptides containing cysteine residue are
not ample, studies on the cysteine amino acid itself have been performed.170;171
Six conformers were observed for neutral, isolated cysteine using microwave
spectroscopy. All these conformations have the SH group involved in an in-
tramolecular hydrogen bond.171 Moreover, in 4 out of the 6 conformers, the thiol
group interacts with the carbonyl group forming a gamma turn, similarly to that
we have found for the dominant conformer A of FC. Conformer B of FC adopts
the beta turn structure type, see Fig. 4.7c. Apart from the basic characteristics
of the beta turn C10 intense H-bond, there is also a strong dispersion interac-
tion between the SH group of the Cys residue and the phenyl group of the Phe
residue, which contributes significantly to the stabilization of the structure. In-
stead of forming a H-bond with the C=O moiety, the SH group interacts with
phenyl ring here, indicating that the London force is comparable with the H-bond
involving the SH group. However, this beta turn structure is not found for FS.
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There are several possible reasons. First, the energy of beta turn structure of FS
is higher (2.08 kcal/mol), while both conformers of FC lie within 0.18 kcal/mol of
each other. Besides the possible lower abundance in the molecular beam, the UV
absorption cross-section might be lower for the beta turn type of FS, causing a
low sensitivity for probing this structure using IR/UV spectroscopy methods.
4.4.3 H-bondcomparisonbetweenO-H· · ·OandS-H· · ·Oingamma
turn peptides
Do our spectra reveal the difference in the H-bond interaction between an OH
and SH group in detail (O-H· · ·O vs. S-H· · ·O)? In the measured spectra of FS
and main conformer of FC (in type of βL-γL structure), the stretch vibrational fre-
quency is 1707 cm−1 and 1714 cm−1 for C=OSer and C=OCys respectively. The subtle
shift is probably due to the difference between H-bond strength of OH· · ·O=C
and that of SH· · ·O=C, as the stronger OH· · ·O=C H-bond should lead more red
shift in the frequency of C=O stretch. This relationship between frequency shift
and H-bond strength could be observed in the case of C=OPhe stretch as well. As
involved in both C5 and C7 H-bonds, the stretch vibrational frequency of C=OPhe
is found at noticeable red shift position 1663 cm−1 for both FS and main conformer
of FC. For minor conformer of FC (β-turn structure), the vibrational frequencies
of C=O stretch are found around 1700 - 1720 cm−1. This is reasonable since only
C=OAc (frequency at 1696 cm−1) is involved in weak H-bond C10 interaction,
while C=OPhe and C=OCys (frequency at 1710 cm−1 and 1718 cm−1 repectively)
are H-bonds free.
Apart from experimental evidence, theoretical calculations using B97-D func-
tional yield distances between the carboxyl and the hydroxyl groups in the serine
residue for FS of about 2.1 Å, which is typical for strong H-bonding and is com-
parable with the value 2.0 Å reported in the study of cyclo Phe-Ser.170This is
significantly shorter than the distance between the SH group and the carboxyl
group in the gamma turn conformer of FC of 2.4 Å. This difference reflects the
difference in electronegativity of oxygen (3.5) and sulfur (2.5). The H atom in the
SH group is less positively charged (0.11 according to the calculation) compared
to the H atom in an OH group (0.33). This results in a weaker attraction between
the H-bond donor SH and acceptor O=C, and in a H-bond strength in S-H· · ·O=C
of conformer A of FC which is weaker than that in O-H· · ·O=C of FS. Although,
the IR and UV spectra of both gamma turn structures are very different, the
overall structure of both peptides is almost identical. They only differ in the hy-
drogen bond involving S-H· · ·O=C (FC) or O-H· · ·O=C (FS), effecting only the
local structural compactness. The resulting 6-membered ring involving either the
S-H· · ·O=C (FC) or the O-H· · ·O=C (FS) hydrogen bond shows minor differences
in the planar or dihedral angle; however, as expected the bond length changes
significantly, e.g. 1.4 Å for C-O while 1.8 Å for C-S and 1.0 Å for O-H while 1.4
Å for S-H reflecting the weaker hydrogen bond in FC (2.4 Å) with respect to FS
(2.1 Å). Therefore, it is not hard to see that peptide containing Ser residue here is
more compact than the one with Cys.
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4.5 Conclusions
A conformational analysis for the isolated protected dipeptides Ac-Phe-Ser-NH2
(FS) and Ac-Phe-Cys-NH2 (FC) has been performed. Experimentally, only one
conformer was found for FS, whereas two conformers were found for FC. The
most stable structure of FS exhibits a dispersion interaction and two backbone
H-bonds and forms a βL-γL type backbone structure. For FC, two conformations
were found. The main conformer also is in the form of βL-γL type with a dis-
persion interaction and H-bond in the side chain of the Phe residue and the Cys
residue respectively. The higher energy conformer consists of a backbone C10
interaction (β-turn), which is not often found in protected dipeptides or only as
minor contributions. DFT calculations, employing the B97-D functional which
introduces dispersion forces, allowed us to structurally assign our experimental
spectra. Our results clearly show that mode-dependent scaling factors correct for
the limitations of DFT calculations and are an important step forward in mo-
lecular structure identification. In all cases, the mode-dependent scaling factors
made the structure identification possible beyond doubt. We thus recommend
this method for structural assignment in the amide A region.
The existence of both S-H· · ·O=C hydrogen bond interactions as well as SH-pi
interactions suggest the important role of cysteine residues as a hydrogen bond
donor in proteins and should definitely be considered. The slightly weaker S-
H· · ·O=C hydrogen bond allows the competition with other type of interactions
such as SH-pi interactions resulting in the presence of both gamma turn as beta
turn conformations. Not only the measured C=O strech frequencies, but also the
distance between the OH group (FS) or the SH group (FC) and the backbone C=O
group for the assigned βL-γL type structures of the two dipeptides, obtained using
the B97-D functional shows that the H-bond in the serine containing dipeptide
is stronger than that of the cysteine containing residue, which was also expected
due to the lower electronegativity of the sulfur atom compared to that of an
oxygen atom. As a consequence, the βL-γL type structure of FS is more compact
than that of FC, which is also verified by the bond distances difference in DFT
optimized structures.
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5 Zwitterionic interactions ingasphase
neutral peptides: The effect of the
backbone rigidityon the salt bridge
formation
Abstract
The formation of zwitterions has aroused great interest in protein
folding studies due to their prominent role in stabilizing specific folds.
This type of structure is hardly ever observed for neutral molecules
in gas phase, except for the isolated peptides consisting of residues
with acidic side chain Glu and basic side chain Arg. In this paper, the
conformational preferences of the capped tripeptides Z-Glu-Xxx-Arg-
NH2 (Xxx = Gly, Ala or Pro respectively) are investigated. The selected
peptides allow us to study the effect of flexibility of peptide backbones
on possible zwitterion formation, ranging from small and compact
(Gly, Ala) to the rigid Pro residue. Moreover, the Proline residue al-
lows cis/trans orientation of the resulting peptide bond. Employing
IR-UV ion dip spectroscopy under laser-desorbed jet cooling, IR spec-
tra of each peptide in the NH stretching region (3150-3700 cm−1) are
acquired and compared with density functional theory (DFT) calcu-
lated spectra to perform structural assignment. Here, we show that
for each peptide only one dominate conformer was observed; the
experimental IR spectrum was found to be identical for all selected
UV wavelengths from the REMPI spectrum. All peptides adopt zwit-
terionic structures, although zwitterion formation is less stable for
the rigid Z-Glu-Pro-Arg-NH2 than for the other two peptides. Apart
from the salt bridge interactions in each peptide investigated, hydro-
gen bonds formed within backbones, between backbones and side
chains, and dispersion interactions between NH/NH2 and phenyl are
found to play an important role in structural stabilization as well.
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center residue with increasing rigidity
5.1 Introduction
During the past decades, the study on intramolecular interactions in peptides
and proteins has attracted much attention because of their great structural and
functional significance. Interactions such as hydrogen bonds (H-bonds) and dis-
persion interactions are ubiquitously present and play an important role in the
formation of the backbone structure and the 3-dimentional shape of these mo-
lecules. However, there is another type of interaction, which greatly contrib-
utes to the stability of entropically unfavorable folding structures of peptides -
the so-called salt bridge, a non-covalent interaction between oppositely charged
residues.
The tendency of formation of a salt bridge in small peptides varies from
case to case. For peptides with sufficient flexibility, the stability of a salt bridge
can be supported by intramolecular interactions between two charged groups
without much steric hindrance. In addition, intramolecular solvation, in which
the charged group interacts with the polar group such as carbonyl oxygen of
the peptide backbone, could also help stabilize this salt bridge interaction.172
Even though, the formation of zwitterionic structures in peptides often lose the
competition against the formation of canonical structures. For instance experi-
ments on oligomers consisting of up to 8 glycine residues revealed that neither
the protonated nor the sodiated molecules do fold into a zwitterionic form173;174.
Infrared multiple photon dissociation (IRMPD) studies of AlaPhe·K+, PheAla·K+
and the larger Tyr-Gly-Gly-Phe-Leu yield canonical charge solvated structures
where primarily the amide carbonyl oxygen solvates the metal ion175;176. How-
ever, residues with acidic side chains (Glu, Asp) or basic side chains (Lys, Arg)
favour formation of salt bridges. The first experimental evidence for a gas phase
protonated peptide adopting a salt bridge structure was reported by Prell and
coworkers on ArgArg·H+. The zwitterionic interaction occurs between the depro-
tonated C-terminus and two protonated guanidines177. In the case of the Lys-Glu
dipeptide, the conversion from neutral state to the zwitterionic salt bridge state
is triggered by addition of a water molecule178. Collision induced dissociation
measurements of the singly protonated peptide Arg-Gly-Asp acid demonstrated
that a salt bridge stabilized intermediate structure is generated in the fragment-
ation of the molecule.179
Not only the ionic peptide can fold to infer salt bridge interactions, but zwit-
terions can also be formed in neutral, isolated peptides61;141;180;181. All the pep-
tides found in the zwitterionic form under molecular beam conditions contain
the acidic residue glutamic acid and the basic residue arginine, which interact
with each other through their side chains. Because of significant importance in
the structural stability and functions of peptides and proteins, lots of research has
been performed concerning the role of side chain interaction between these two
residues. For instance, it was shown that the salt bridge interaction between Glu
and Arg in eukaryotic protein kinases plays a role of center hub. Replacement
of either residue by Ala causes not only the disruption of connectivity between
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structural segments, but also in a huge decrease in the catalytic efficiency of this
enzyme.182 In the chemotaxis protein CheW, this salt bridge interaction is be-
lieved to stabilize the local backbone structure and the relative position of the
binding sites for the chemoreceptor and kinase183. Furthermore, in some cases
Figure 5.1: Chemical structures of Z-Glu-Xxx-Arg-NH2 (with Xxx = Ala, Gly and
Pro, respectively) in their (a) canonical, (b) zwitterionic and (c) tautomeric form.
The labels describe the intramolecular interactions; the C=O group of Z-cap is
labeled as O0, the NH and C=O group of the ith residue is labeled as Ni and
Oi, respectively. Oε represents the oxygen of the carboxylic group in the Glu
side chain, Nη and Nε in the guanidine group of Arg describe the terminal and
non-terminal nitrogen, respectively.
there is even a specific requirement for the exact type of salt bridge interaction
so that the peptide could perform its function. For example, the salt bridge in-
teraction found in human chloride intracellular channel is characterized by two
hydrogen bonds of which one is formed between one glutamate Oε (as shown in
Fig. 5.1 for the detail of atom labeling system) atom and Hε atom of Arg while
the other involves another glutamate Oε atom and Hη atom of Arg (defined as A
type salt bridge interaction in our previous study61). This type of salt bridge also
appears in the theoretical predictions181 and our previous studies61;141. However,
in the quantum and molecular mechanical simulations of the motor-enzyme F0F1-
adenosine triphosphates ATPase, it was found that another type of salt bridge
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was formed between the side chains of Glu and Arg. Here, a bifurcated inter-
action is predicted between one of the Glu Oε atoms and the Arg Hε and Hη
atoms184 (C? type). Unfortunately, there is still lack of experimental evidence at
the atomic level for the existence of this bifurcated type.
In this context, more experimental exploration on these interaction under con-
trolled conditions would contribute greatly to our understanding to zwitterion
formation. Questions such as what kinds of factors (e.g. number and/or flexibility
of residues spacing between Glu and Arg) would influence the type and strength
of this interaction are still waiting for unambiguous answers. Hence, in this pa-
per, the gas phase structures of several neutral peptides containing Glu and Arg
residues will be discussed. Instead of gradually lengthening the residue spacing
between Glu and Arg61, here we alter the center residue. The studied peptides
are all in the form of Z-Glu-Xxx-Arg-NH2, the chemical structures of which are
shown in Figure 5.1. Residues with decreasing flexibility, namely Glycine (Gly),
Alanine (Ala) and Proline (Pro), are selected as spacing residue to investigate the
influence of the rigidity of the peptide backbone on the tendency of zwitterion
formation and type of salt bridge interaction. By comparing experimental IR-UV
ion dip spectra in the amide A region (3150 - 3700 cm−1) with high-level density
functional theory (DFT) calculations, detailed information on the 3-dimentional
structure of the peptide could be obtained and different types of salt bridge
interactions could be distinguished.
5.2 Experimental and computational methods
5.2.1 Experimental Methods
The experiments were performed on a home-built molecular beam setup consist-
ing of a laser desorbed jet cooling source and a time-of-flight mass spectrometer,
which has been described in more detail elsewhere.159 Peptide samples Z-Glu-
Gly-Arg-NH2 (EGR), Z-Glu-Ala-Arg-NH2 (EAR) and Z-Glu-Pro-Arg-NH2 (EPR)
were synthesized using Fmoc solid phase peptide synthesis from 1 g of Fmoc-
Arg(Pbf)-Wang resin (0.7 mmol/g). The resin was swollen in DMF prior to use.
Couplings were carried out with 3.0 equivalents of the required amino acid (Z-
Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH or Fmoc-Pro-OH), 3.3 equivalents
of DIPCDI and 3.6 equivalents of 1-hydroxybenzotriazole hydrate (HOBt) in
dimethylformamide (DMF), and all deprotections where performed with 20%
piperidine in DMF (3 times 6 minutes). After each coupling and deprotection
a Kaiser test was used to ensure the reaction had gone to completion.185 The
peptides were cleaved from the resin by treatment of the resin with a mixture
of trifluoroacetic acid/water (95:5) for 2 hours, followed by precipitation in ether.
The peptides were used as such after drying in air. The purity was higher than
95% according to LC-MS analysis. The samples were first carefully ground in an
agate mortar and mixed homogeneously with carbon black powder. The prepared
sample mixture was applied on a solid graphite sample bar. A pulsed Nd:YAG
laser (Polaris II, New Wave research) with a pulse energy of about 1 mJ at a
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wavelength of 1064 nm was used to desorb the sample molecules from the solid
bar which was placed on a translational stage to provide a fresh sample for every
laser shot. The generated neutral gas-phase molecules are trapped and cooled in
a supersonic molecular beam expansion of argon with a backing pressure of 3
bar. About 10 cm downstream, the molecular beam is skimmed and enters the
differentially pumped reflector time-of-flight (TOF) mass spectrometer, where a
UV beam produced by a Nd:YAG (Innolas GmbH, Spitlight 1200) pumped dye
laser (Radiant Dye, Narrowscan) is utilized to carry out (1+1) REMPI of the isol-
ated molecules. The UV laser is operated at 10 Hz with typical pulse energies of
about 1.5 mJ.
To record IR spectra of the molecules of interest, IR-UV ion dip spectro-
scopy141;161 is employed. In this technique, a constant ion signal is produced for
a single conformer selected by the UV laser wavelength, which corresponds to
an electronic transition of this conformer. About 300 ns prior to the UV laser
beam, a YAG-pumped optical parametric oscillator (Laser Vision) produced IR
beam, which is spatially overlapped with the UV interacts with the molecular
beam as well. Whenever the IR laser is resonant with a vibrational transition
originating from the same state of the selected conformer, a depopulation of this
state occurs for the selected conformer and a dip in the ion signal is observed.
By measuring the ion yield as a function of the IR wavelength, a conformation
selective IR ion dip spectrum is obtained for the molecule of interest. In addition,
to minimize signal fluctuation due to changing source conditions and long-term
UV power drifts, alternating IR-on and IR-off signals are measured by operating
the molecular desorption source and the UV laser at 10 Hz and the IR laser at 5
Hz.
5.2.2 Theoretical Methods
Quantum-chemical calculations were executed in order to assign the obtained
IR spectra to specific structures of each studied peptide. The details of the ap-
plied computational method has already been described elsewhere.61;163 In short,
firstly, conformational searches were performed by the simulated annealing (SA)
approach using the GROMACS4 package164 and the amber99sb force field96. To
allow structural rearrangements, the temperature in the simulation was raised
to 1300K within 5 ps and cooled exponentially to 5 K in the next 15 ps. This
process was repeated for about 1000 times and structures at 5 K in each re-
peat were saved. In the amber99sb force field, neutral Glu, Arg and the Z-cap
had to be added manually.61 Secondly, about 30 low-energy conformations gen-
erated in the SA approach are optimized structurally at the B97-D/6-31G(d,p)
level of theory using the Gaussian09 program package.100;165 Finally, using the
B3LYP99 and B97-D functional with the 6-311+G(d,p) basis set, the 15 lowest
energy structures selected from the results of the second step are further op-
timized and their harmonic vibrational frequencies are calculated. To correct for
anharmonicity of computed frequencies, (SF) is normally required. Although in
some cases separate SFs for different vibrational modes were employed, it is not
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always applicable. For instance, at B3LYP/6-31+G(d) level of theory, individual
SFs for NH/OH vibrational frequencies186;187 resulted in a worse agreement for
the capped dipeptide Ac-Phe-Ser-NH2.60 At B97-D/6-311+G(d,p) level of theory
mode dependent SFs for different types of NH vibrations worked perfectly for
capped Ac-Phe-Xxx-NH2 dipeptides.52 However, for the studied peptides where
the guanidine tail of Arg is involved in proton transfer, this method may not ne-
cessarily be valid, since mode dependent SFs for protonated NH/NH2 vibrations
do not exist. Therefore, a fixed SF of 0.960 (for B3LYP/6-311+G(d,p)) or 0.977 (for
B97-D/6-311+G(d,p)) was used in the IR region 3150 - 3700 cm−1 and the cal-
culated frequencies were convoluted with a Gaussian line shape with a FWHM
of 7 cm−1 in order to compare with the experimental spectra. Relative energies
in terms of both zero point energy (ZPT) and Gibbs free energy at 300 K (∆G,
proven to be important in determining the conformational population at low
temperature188) were calculated using both commonly used B3LYP functional
as well as the dispersion-included B97-D functional. However, unless expressly
stated, the energy described in the text is acquired by the B97-D functional since
this method was found to predict the energies more accurately (even comparable
with the higher correlation method MP2163) than the B3LYP functional which
ignores intramolecular dispersion interactions167.
5.3 Results
5.3.1 REMPI Spectra
The UV REMPI spectra of the three tripeptides EGR, EAR and EPR in the region
from 37100 to 37900 cm−1 are presented in Figure 5.2. Although sufficient cooling
of tripeptides could be achieved in the molecular beam,150;189 all the spectra here
contain broad features. This suggests that the studied molecules either have a
short excited state lifetime the desorbed molecules are cooled insufficiently in
the supersonic expansion. This has been observed before for similar families of
molecules all containing the Arginine residue, showing the difficulties to cool
Arg containing peptides, possibly due to their large and floppy side chain.48;61;163
Moreover, these peptides fragment upon desorption (as can be seen from Fig.
5.3). Moreover, molecules with increasing size and degrees of freedom are harder
to cool in a molecular beam environment.46;190;191 Spectra with similar resolution
have been observed in studies of various large and complex biomolecules.61;69;192
Here, the REMPI spectrum of EGR shows several absorption peaks (37450 cm−1,
37507 cm−1, 37534 cm−1, 37566 cm−1 and 37618 cm−1) on top of a broad band
from 37400 cm−1 to 37700 cm−1. In the case of EAR, a broad absorption band is
observed in the same UV range. However, the peaks on top of it are less resolved
with the most intense absorption located at 37526 cm−1. The REMPI spectrum of
EPR shows very similar feature to that of EAR; a broad band consisting of several
unresolved peaks.
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Figure 5.2: Mass-selected one color REMPI spectra of Z-Glu-Gly-Arg-NH2 (EGR,
bottom panel), Z-Glu-Ala-Arg-NH2 (EAR, middle panel) and Z-Glu-Pro-Arg-
NH2 (EPR, top panel). The positions marked by blue arrows indicate the selected
UV wavelengths at which IR-UV ion dip spectra were taken.
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Figure 5.3: Time-of-flight mass spectra of Z-Glu-Gly-Arg-NH2 (EGR, mass:
493.29), Z-Glu-Ala-Arg-NH2 (EAR, mass:507.31) and Z-Glu-Pro-Arg-NH2 (EPR,
mass:533.33).
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5.3.2 Infrared Spectra
Figure 5.4 presents the IR-UV double resonance spectra in the amide A region
covering the O-H stretching vibration and the N-H stretching vibration (both
symmetric and asymmetric stretching). The characteristic absorption frequencies
of these vibrational modes are summarized in Figure 5.5. It can be seen that the
vibrational frequencies depend strongly on the type of intramolecular interaction
where the functional group is involved in. Starting from the free NH stretching
to the backbone H-bond C5(NH-pi), C10, C7 interaction and H-bond in salt bridge,
the frequency of the NH stretch vibration gradually red shifts. Additionally, the
absorption peak broadens significantly when the vibrational group participates
in intense interaction.
Figure 5.4: IR spectra of Z-Glu-Gly-Arg-NH2 (EGR, bottom panel), Z-Glu-Ala-
Arg-NH2 (EAR, middle panel) and Z-Glu-Pro-Arg-NH2 (EPR, top panel) meas-
ured by IR-UV ion dip spectroscopy.
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Figure 5.5: Overview of vibrational frequencies of NH, NH2 and OH groups in
free and H-bonded interactions, derived from gas phase measurements59–61 and
theoretical calculations using B3LYP/6-311+G(d,p) level of theory.
Z-Glu-Gly-Arg-NH2 (EGR)
The IR spectrum of EGR was average of spectra recorded with the UV laser
parked on the blue arrow marked peaks in the REMPI spectrum (UV wavelength
at 37450 cm−1, 37507 cm−1, 37566 cm−1 and 37618 cm−1 respectively). An identical
IR spectrum (see Fig. 5.6) was acquired when the UV wavelength is parked at
the selected peaks, indicating that most likely only one conformer is present
under our experimental conditions. We attribute the two intense bands in the
3500-3550 cm−1 region to the NH2 asymmetric stretching vibration. The bands
with peaks at 3420 cm−1 and 3450 cm−1 may originate from free or weak H-
bond N-H stretching vibration. However, it is also possible that these two bands
correspond to a strongly H-bonded NH2 asymmetric vibration or a free NH2
symmetric vibration according to the frequency shift upon H-bonding. The very
broad absorption band around 3340 cm−1 (FWHM of 45 cm−1) consists of several
overlapping bands. Strong H-bonded N-H or NH2 symmetric stretching vibration
could be responsible for these bands, as vibrational modes involved in strong H-
bonds can broaden the absorption bands ranging from several wavenumber up to
over 100 cm−1.193 At 3220 cm−1 and 3260 cm−1, two more bands associated with
H-bonded N-H or NH2 symmetric stretching vibration are observed. The free
carboxylic acid O-H stretching vibration is not observed (expected at about 3600
cm−1), indicating it is either involved in a zwitterionic structure or a hydrogen-
bonded canonical structure. The former interaction would result in a significant
red shift below 3200 cm−1. To assign the 3-dimensional structure of EGR, the
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measured spectrum is compared with DFT calculated spectra and results are
shown in the Structural Assignment Section.
Figure 5.6: IR spectra of Z-Glu-Gly-Arg-NH2 (EGR) acquired by IR-UV ion dip
method with the UV wavelength at 37450 cm−1, 37507 cm−1, 37566 cm−1 and 37618
−1, respectively. The top panel shows the original (black trace) and smoothed (red
trace) average spectrum.
Z-Glu-Ala-Arg-NH2 (EAR)
The average IR spectrum of EAR is shown in the middle panel of Figure 5.4.
Identical IR spectra were obtained with the UV wavelengths fixed at the blue
arrow labeled peaks in the REMPI spectrum (see Fig 5.7), demonstrating a single
conformation present in the molecular beam. The IR spectra of EAR show several
similar features to EGR. The bands above 3500 cm−1 originate from NH2 asym-
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Figure 5.7: IR spectra of Z-Glu-Ala-Arg-NH2 (EAR) acquired by IR-UV ion dip
method with the UV wavelength at 37470 cm−1, 37526 cm−1, 37566 cm−1 and 37670
cm−1, respectively. The top panel shows the original (black trace) and smoothed
(red trace) average spectrum.
metric stretching vibration as was observed for EGR. In the region 3300-3450
cm−1, there are also two intense bands with peaks at 3330 cm−1 and 3425 cm−1,
and a partially resolved broad band in between with peaks at 3360 cm−1, 3373
cm−1 and 3392 cm−1. These bands can be due to either N-H stretching vibration
or NH2 symmetric stretching vibration.
Z-Glu-Pro-Arg-NH2 (EPR)
Also for EPR, we obtained identical IR spectra (see Fig. 5.8) for several different
UV wavelengths in the REMPI spectrum. In the top panel of Fig. 5.4, the average
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IR spectrum of EPR is presented. Where EGR and EAR show many similar bands,
the IR spectrum of EPR is significantly different. Above 3500 cm−1, there are three
obvious bands, the peaks of which are 3506 cm−1, 3527 cm−1 and 3577 cm−1. Two
(3506 cm−1 and 3527 cm−1) of them can be assigned to NH2 asymmetric stretching
vibration while the peak at 3577 cm−1 may originate from either NH2 asymmetric
vibration or free carboxylic acid O-H vibration from Glu side chain. In the N-H
free stretching region, an obvious band with peak 3476 cm−1 was observed and
a weak absorption band with peak at 3458 cm−1 was also detected. Moreover,
Figure 5.8: IR spectra of Z-Glu-Pro-Arg-NH2 (EPR) acquired by IR-UV ion dip
method with the UV wavelength at 37480 cm−1, 37498 cm−1, 37520 cm−1 and 37565
cm−1, respectively. The top panel shows the original (black trace) and smoothed
(red trace) average spectrum.
85
5 Zwitterionic structures of neutral Z-Glu-Xxx-Arg-NH2 tripeptides spaced by a
center residue with increasing rigidity
two broad bands with peaks at 3270 cm−1 and 3390 cm−1 can be associated with
H-bonded N-H or NH2 symmetric stretching vibration.
5.3.3 Structural assignment
Z-Glu-Ala-Arg-NH2 (EAR)
In our previous study, structural assignment has already been done for the
NHMe-capped EAR analogue (Z-Glu-Ala-Arg-NHMe) based on the comparison
between measured IR spectra in the Amide I, II and fingerprint region (1000-1800
cm−1) and DFT calculated spectra.61 Therefore, the structural assignment for the
peptides investigated here starts with EAR. Using the same approach as before,
the input structures for the conformational search include three different families
depending on the form of the Arg side chain: two non-zwitterionic types (see Fig.
5.1a and 5.1c) and one zwitterionic type with a deprotonated Glu and protonated
Arg side chain (see Fig. 5.1b). 15 low-energy conformations from each type are
optimized at the B97-D/6-31G(d,p) level of theory. Finally, based on the energy
sequence of B97-D/6-31G(d,p) optimized structures and previous findings for
Z-Glu-Ala-Arg-NHMe,61 10 low energy structures of the zwitterionic type and 6
low energy structures of the non-zwitterionic type (of which two converted to a
zwitterionic structure in the structural optimization step) are further optimized
and their vibrational frequencies are computed using B3LYP and B97-D function-
als employed with the 6-311+G(d,p) basis set. From the obtained structures, 12
zwitterionic structures (abbreviated as Z), 2 canonical structures (abbreviated as
C) and 1 tautomeric structure (abbreviated as T) are presented in Fig. 5.9. The
relative energies and intramolecular interactions for structures optimized with
B97D/6-311+G(d,p) level of theory are listed in Table 5.1.
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Figure 5.9: B97D/6-311+G(d,p) optimized conformational structures of Z-Glu-
Ala-Arg-NH2
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Four types of salt bridge interactions (see Figure 5.10) are found for zwit-
terionic EAR. Two families (named type A and B, see Fig.5.10) show pairwise
interactions, where both of the carboxylic oxygen atoms are involved in interac-
tions with Arg side chain. The other two types are characterized by bifurcated
interactions (C and C? type). Here, only one carboxylic oxygen atom participates
in interactions with the Arg side chain, while the other one is stabilized by the
peptide backbone. For the optimized structures listed for EAR the pairwise in-
teractions (type A and B) dominate the lowest energy structures, which was also
found previously.61 In addition to side chain involved salt bridge interactions,
several backbone folds and backbone-side chain interactions are observed in the
optimized structures (see Fig. 5.9).
Figure 5.10: Four different types of salt bridge interactions found in the conform-
ational search of zwitterionic EAR, EGR and EPR. Types A and B (left panel, top
(A), and bottom (B)) are pairwise interactions, types C and C? (right panel, top
(C), and bottom (C?)) are bifurcated interactions.
Although many types of intramolecular interactions are present, due to the
acidic Glu side chain and highly basic Arg side chain and the flexibility of the
backbone, zwitterion formation dominates the folding interactions of EAR. As
can be seen in Table 5.1, the structures showing proton transfer are indeed lower
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in relative energy, indicating that salt bridge interaction controls the structure of
EAR. The first non-zwitterionic type (EAR−C1) appears 14.4 kcal/mol above the
lowest energy zwitterionic structure. The canonical structures (see for example
EAR−C1 and EAR−C2 of Figure 5.9) are governed by a hydrogen bond connecting
the carboxylic acid OH group and the nitrogen lone pair of the NηH group of
the Arg side chain, demonstrating the tendency to proton transfer. However,
this H-bonding is not observed in the tautomeric structures, which is reflected
directly in the higher relative energy (17.7 kcal/mol) of this family. Based on the
relative energies it is not expected to observe non-zwitterionic structures in the
experiment.
The experimentally observed conformer of the previously studied NHMe
capped EAR (Z-Glu-Ala-Arg-NHMe) was assigned to the most stable zwitterionic
structure with an A type salt bridge interaction.61 However, the second lowest
energy structure with a B type salt bridge interaction was suggested to coex-
ist in the insufficient cooled molecular beam. Except for the orientation of the
guanidine side chain of Arg, these two structures are almost identical, both in
which a C10 backbone interaction, two dispersion interactions and two interac-
tions between backbone NH groups and oxygen atoms of the Glu side chain
are observed. As expected, the two most stable structures found in the conform-
ational search for Z-Glu-Ala-Arg-NH2 studied here shows exactly the same 3-
dimentional shape as the structures assigned to Z-Glu-Ala-Arg-NHMe, in which
EAR−Z1 includes A type salt bridge interaction while EAR−Z2 consists of B type
interaction. Close examination of the other conformations with relative ener-
gies below 3 kcal/mol reveals that A type salt bridge interaction is also present
in EAR−Z3 and EAR−Z5, which differ from EAR−Z1 only in the orientation of
terminal Z-cap and NH2 group. The B type interaction was found in EAR−Z4
and EAR−Z6, with very similar 3-dimentional structures as EAR−Z2. Although
the non-zwitterionic structures are energetically much less stable compared with
zwitterionic structures and therefore less likely to exist under our experimental
conditions, we can not exclude them only based on energetics alone. Therefore,
we have compared our experimental spectra against a wide set of zwitterionic,
but also tautomeric and canocical structures of which the calculated IR spectra
of the 6 lowest energy structures together with the two lowest energy canonical
structure (EAR−C1, C2) and tautomeric structure (EAR−T1, T2) are shown in Fig.
5.11.
Non-zwitterionic structures are not expected to be observed experimentally
based on their relative energies. Inspection of the calculated IR spectra of these
structures (Fig. 5.11) verifies this assumption. The spectra of both EAR−C1 and
EAR−C2 as well as those from other canonical structures either present much less
bands than experimentally detected in the 3350-3400 cm−1 range, or show several
absorptions between 3440 cm−1 and 3480 cm−1, which are not observed in the
experimental spectrum. For tautomeric isomers, the calculated spectra show a
very intense absorption below 3200 cm−1 which is not observed experimentally.
Other mismatches can be found as well for instance the measured absorption
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Figure 5.11: Experimental spectrum of Z-Glu-Ala-Arg-NH2 (bottom trace) and
theoretical spectra of six lowest energy zwitterionic structures EAR−Z1-Z6, two
canonical structure EAR−C1,C2 and two tautomeric structure EAR−T1, T2. The
theoretical spectra are calculated at the B3LYP/6-311+G(d,p)(left panel) and B97-
D/6-311+G(d,p)(right panel) level of theory, of which the frequencies are scaled
by a factor of 0.960 and 0.977, respectively to account for anharmonicity.
at 3330 cm−1 is absent in spectrum of EAR−T1 while the spectrum of EAR−T2
misses the broad absorption band covering 3350-3400 cm−1. As a result, we can
conclude that EAR indeed forms a zwitterionic interaction. The question remains
what type of salt bridge is formed. Although B97-D functional might improve the
accuracy of calculated frequency of a vibrational mode in dispersion interaction,
previous work shows that B3LYP functional works better in spectra computation
in mid-infrared region.42;151;163 Therefore, the structural assignment in this paper
is mainly based on calculations using B3LYP functional.
At first glance, none of the calculated spectra matches perfectly with the ex-
perimental IR spectrum. For example, the calculated spectrum of EAR−Z3 shows
three intense absorption bands around 3300 cm−1, but the experiment shows
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strong activity at higher energies namely between 3325-3425 cm−1. Therefore,
EAR−Z3 is excluded as the candidate for the assigned structure. The same holds
for EAR−Z5, which is almost identical to EAR−Z3, since its calculated IR spectrum
shows several obvious mismatches to the experimental spectrum. Conformers
EAR−Z4 and EAR−Z6, which only differ in the orientation of the guanidine side
chain of Arg with respect to the lower energy structure EAR−Z2 are expected to
convert to EAR−Z2 in the supersonic cooling if the barrier is low.163 Moreover,
their calculated spectra do not match the experimental one as good as EAR−Z2.
Figure 5.12: IR absorption spectra of EAR (black trace) and theoretical spectra of
two lowest energy structures (red trace with black bars underneath presenting
the peaks of labeled vibrational modes) in the amide A region (3150 - 3700 cm−1).
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The calculated spectrum of the two lowest energy structures, EAR−Z1 and
EAR−Z2, are shown in Figure 5.12. Considering the minor difference in the 3-
dimentional structures of EAR−Z1 and EAR−Z2, only in the character of the Glu-
Arg salt bridge, their calculated spectra should show several similarities. Indeed,
the asymmetric stretching vibration and symmetric stretching vibration of the
NH2 cap are found at 3560 cm−1 and 3440 cm−1 respectively for both EAR−Z1 and
EAR−Z2. Although the backbone of EAR−Z1 and EAR−Z2 experiences the same
interactions (see Figure 5.13), the small difference in structure due to the different
salt bridge types results in significant shifts of the NH backbone vibrations. For
example, the difference in H-bond length between the NH group of the Ala
residue and the carboxyl oxygen atom which is 2.0 Å in EAR−Z1 and 2.1 Å in
EAR−Z2, results in a red shift of the NHA (Ala) stretching vibration from 3330
cm−1 in EAR−Z2 to 3270 cm−1 in EAR−Z1. The same holds for the frequency
difference of the NHE (Glu) and NHR (Arg) vibration: 3400 cm−1 in EAR−Z1 (2.2
Å H-bond) vs 3360 cm−1 in EAR−Z2 (2.1 Å H-bond) for NHE, and 3380 cm−1 in
EAR−Z1 (2.2 Å H-bond) vs 3390 cm−1 in EAR−Z2 (2.3 Å H-bond) for NHR.
Figure 5.13: Intramolecular interactions in theoretical optimized structures
EAR−Z1 and Z2
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In the previous study on the NHMe-capped analogues, Jaeqx et al. suggested
that these two structures coexist in the molecular beam.61 The same conclusion
applies for the NH2-capped EAR studied in this paper. As the bottom panel of
Figure 5.12 suggests, the experimental IR spectrum can be assigned to an A type
zwitterionic structure (EAR−Z1) based on the NH/NH2 vibrations resulting from
the guanidine side chain of Arg observed above 3425 cm−1. The backbone of EAR
folds into a beta turn via a C10 interaction. Although this is observed in the same
fashion for both EAR−Z1 and EAR−Z2, the exact orientation follows the folding
pattern of EAR−Z2.
Z-Glu-Gly-Arg-NH2 (EGR)
Similar as described in the previous section, an elaborate conformational search
was also performed for EGR. The energies and intramolecular interactions of
several lowest energy conformations are shown in Table 5.2. The structures and
calculated IR spectra are presented in Fig. 5.14 and 5.15.
As was observed for EAR, the lowest non-zwitterionic structure for EGR also
lies 15.4 kcal/mol higher in energy than the lowest energy structure with proton
transfer, indicating that structures observed in the gas-phase measurements of
EGR can be addressed as zwitterionic ones. Among the zwitterionic structures, we
have found within relative energies of 6 kcal/mol, the previous observed pairwise
salt bridge interactions (A and B type, see Figure 5.10), but also two families of
bifurcated interactions (named C and C? type). The C type bifurcated interaction
appears only above 5.8 kcal/mol. The higher flexibility of the Gly residue than that
of the Ala residue and the reduced steric hindrance results in more intramolecular
interactions in the lowest energy structure found for EGR than EAR. All the
calculated structures show multiple backbone folds and backbone-side chain
interactions that together with the Glu-Arg salt bridge contribute to the overall
conformational fold. Moreover, a large number of stable structures are found for
EGR within 2 kcal/mol with respect to the lowest energy structure (see Table 5.2).
Based on the computed energies, observing non-zwitterionic structures for
EGR is not expected experimentally. Inspection of the computed spectra of the
canonical and tautomeric structures (see Fig. 5.15) reveals that none of these
structures is responsible for the experimental IR spectrum as the experimentally
found absorption bands at 3220 cm−1 and/or 3260 cm−1 are absent in the calculated
spectra. Besides EGR−C1, C2 and EGR−T1, T2, also EGR−Z1, Z4, Z5, Z7 and Z8 do
not show any vibrational activity in 3200-3300 cm−1, where the strongly hydrogen
bonded NH2 (symmetric) and NH backbone vibrations are expected. Hence, it is
unlikely that the observed IR spectrum of EGR results from any of them.
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Figure 5.14: B97D/6-311+G(d,p) optimized conformational structures of Z-Glu-
Gly-Arg-NH2
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Figure 5.15:Experimental IR spectrum of Z-Glu-Gly-Arg-NH2 (bottom trace) and
theoretical spectra of eight lowest energy zwitterionic structures EGR−Z1-Z8, two
canonical structures EGR−C1, C2 and two tautomeric structure EGR−T1, T2. The
theoretical spectra are calculated at the B3LYP/6-311+G(d,p) (left panel) and B97-
D/6-311+G(d,p) (right panel) level of theory, of which the frequencies are scaled
by a factor of 0.960 and 0.977, respectively to account for anharmonicity.
The three remaining structures, EGR−Z2, EGR−Z3 and EGR−Z6 are presented
in Figure 5.16. Since the relative energies of EGR−Z1, Z2, Z3 and Z4, ranging from
0 kcal/mol for EGR−Z1 to 0.3 kcal/mol for EGR−Z4, lie all within the accuracy
of the energies in DFT calculation (about 1 kcal/mol), any of the four structures
could be considered as the most stable one. The second lowest energy structure,
EGR−Z2, shows a reasonably good match with the experimental spectrum. The
absorption bands above 3500 cm−1 can be attributed to asymmetric stretching
97
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Figure 5.16: IR absorption spectra of EGR (black trace) and theoretical spectra of
EGR−Z2, Z3 and Z6 (red trace with black bars underneath presenting the peaks
of labeled vibrational modes) in the amide A region (3150 - 3700 cm−1)
vibrations of NH2 groups, of which one is unperturbed from the Arg side chain
(3560 cm−1 ), while the other peak is the H-bonded C-terminal cap (3520 cm−1).
The vibrational modes of the free NH group of the Gly residue and the guanidine
NH2 symmetric stretching overlap with each other and account for the experi-
mental detected band at 3450 cm−1. Besides, the less intense band measured at
3420 cm−1 may originate from asymmetric stretching vibration of the guanidine
NH2 group which participates in the salt bridge interaction. Below 3400 cm−1,
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the very broad band with two peaks at 3330 cm−1 and 3350 cm−1 is associated
with symmetric stretching vibration of C-terminal NH2 and H-bonded NH group
vibration from Glu residue. Both of the two groups are H-bonded to the carbonyl
oxygen of Glu side chain and form 7-membered rings, which may explain why
the corresponding measured absorption band is so broad. In addition, the absorp-
tions at 3220 cm−1 and 3260 cm−1 can be attributed to the vibrations of guanidine
NH2 group and Arg backbone NH group, which is involved in salt bridge and
H-bond, respectively.
Although structure EGR−Z2 matches the experimental spectrum very well,
the relative intensity of peaks do not coincide in the hydrogen bonded region
below 3400 cm−1. The intense hydrogen bond interactions do not only lead to
a red shift of the observed frequencies, but also broaden the experimentally
observed absorption bands. Considering both the computed energetics and peak
positions in the IR spectrum, the experimental spectrum of Z-Glu-Gly-Arg-NH2
is assigned to the zwitterionic EGR−Z2 with a bifurcated salt bridge interaction
(C? type).
Z-Glu-Pro-Arg-NH2 (EPR)
The presence of the proline residue in the peptide chain allows both the trans
orientation as well as the cis orientation of the peptide bond, which is normally
energetically unfavorable due to steric repulsion.194 Therefore, both isomers are
considered in the conformational search for EPR. Table 5.3 presents the relative
energies and intramolecular interactions of optimized structures together with
the type of Glu-Arg interaction and the orientation of the proline peptide bond
(trans or cis). Although the lowest energy structure adopts the trans type, 14 out
of 20 selected structures here show a cis prolyl peptide bond. This indicates that
structures with a cis peptide bond are as stable as trans isomers and should be
included in the conformational search.
Examining the computed energies, it can be seen that proton transfer from
the side chain of Glu to that of Arg is still the favorable conformation, although
the first structure in non-zwitterionic structure appears at significant lower en-
ergies (6.5 kcal/mol) compared to EAG and EGR (where the canonical structure
was found at 14.4 kcal/mol and 15.4 kcal/mol, respectively). These low energy
canonical structures of EPR show intense H-bond interactions between the Glu
side chain (carboxyl OH group) and Arg side chain (NηH).
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Figure 5.17: B97D/6-311+G(d,p) optimized conformational structures of Z-Glu-
Pro-Arg-NH2 (part 1)
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Figure 5.17: B97D/6-311+G(d,p) optimized conformational structures of Z-Glu-
Pro-Arg-NH2 (part 2)
In the 16 optimized zwitterionic structures (see Fig. 5.17 (part1)), the paired
A type salt bridge interaction was observed seven times, including the two most
stable structures EPR−Z1 and EPR−Z2. Two structures with B-type interaction
are found, but at relatively high energies (4.6 kcal/mol and 4.9 kcal/mol). The
bifurcated C type interaction and C?-type interaction are observed in three struc-
tures. Interestingly, it is worthy to mention that the C7 H-bond, formed between
peptide C=O group of Pro residue and C-terminal NH2 group, was observed in
10 zwitterionic structures, while the C5 H-bond between backbone NH group
and C=O group of Glu residue appeared 8 times, indicating the importance of
these two backbone H-bonds in the structural stability of EPR.
The calculated spectra of the optimized structures are shown in Fig. 5.18.
Surprisingly, none of the theoretical spectra gives a very good match to the
experimental spectrum, although we have evaluated a large number of possible
structures. For instance, the band around 3580 cm−1 is missing in most of the
calculated spectra, except for cases of EPR−Z12 and EPR−Z15, resulting from the
free NH2 group of the C terminus cap. The non-zwitterionic structures EPR−T1
and EPR−T2 show a peak at even higher wavenumbers (above 3600 cm−1) as a
result of - the indicative free carboxyl group for the tautomeric structure. The
structures with a C? type salt bridge interaction (EPR−Z5 and EPR−Z6) can
be excluded as they show intense absorptions around 3200 cm−1, which is not
observed experimentally. The same holds for structures EPR−Z7, Z8, Z9, Z10,
Z14 and Z16. To complete the assignment the IR-UV ion dip spectrum of EPR is
measured in the 1000-1800 cm−1 region using the free electron laser FELIX, see
the left panel of Figure 5.19.
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Figure 5.18: Experimental IR spectrum of Z-Glu-Pro-Arg-NH2 (bottom trace) and
theoretical spectra of ten lowest energy zwitterionic structures EPR−Z1-Z10. The
theoretical spectra are calculated at the B3LYP/6-311+G(d,p) (left panel) and B97-
D/6-311+G(d,p) (right panel) level of theory, of which the frequencies are scaled
by a factor of 0.960 and 0.977, respectively to account for anharmonicity(Part 1).
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Figure 5.18: Experimental IR spectrum of Z-Glu-Pro-Arg-NH2 (bottom trace) and
theoretical spectra of zwitterionic structures EPR−Z11-Z16, two canonical struc-
tures EPR−C1, C2 and two tautomeric structure EPR−T1, T2. The theoretical spec-
tra are calculated at the B3LYP/6-311+G(d,p) (left panel) and B97-D/6-311+G(d,p)
(right panel) level of theory, of which the frequencies are scaled by a factor of
0.960 and 0.977, respectively to account for anharmonicity (Part 2).
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Figure 5.19: IR absorption spectra of EPR (black trace) and theoretical spectra of
EPR−Z1, Z2, Z4, Z12, Z15, C1, T1 and T2 (red trace with black bars underneath
presenting the peaks of labeled vibrational modes) in both the amide I, II and
fingerprint region (1000 - 1800 cm−1) as well as in the amide A region (3150 - 3700
cm−1)
The IR spectrum in this mid-infrared region provides information on the C=O
stretch (Amide I, around 1700 cm−1), NH bend (Amide II, around 1500 cm−1) and
fingerprint vibrations (1000-1400 cm−1). Spectral congestion in combination with
the limited resolution of the free electron laser in this wavelength region (typically
1%) results in unresolved bands in the IR spectrum in the Amide I and II region.
The calculated spectra of not-excluded zwitterionic structures (EPR−Z1, Z2, Z4,
Z12 and Z15) together with the non-zwitterionic structures (EPR−T1 and T2) are
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presented as red curves in Fig. 5.19. The tautomeric conformers, which exhibit a
free carboxyl group, show a band around 1780 cm−1, which is not experimentally
observed. The absence of both the free OH as well as the free C=O in combination
with the relatively high energies (above 7.8 kcal/mol) indicates that the structures
EPR−T1 and EPR−T2 can be excluded from the structural assignment.
The IR spectra of the zwitterionic structures EPR−Z1, EPR−Z2, and EPR−Z4
structures all reproduce the main bands in the measured spectrum very well.
The spectra show multiple diagnostic bands for the presence of the zwitterionic
structure, for example, the band observed at around 1400 cm−1 can be assigned
to the symmetric COO− stretch vibration resulting from proton transfer from the
carboxylic acid group of the Glu side chain to the Arg side chain guanidine group.
EPR−Z1, EPR−Z2, and EPR−Z4 all have the A type paired Glu-Arg interaction,
but they differ in the backbone fold. The backbone of EPR−Z1 folds into two
successive gamma turns (C7 interaction), EPR−Z4 into a beta turn (C10 interaction)
and EPR−Z2 does not exhibit a specific backbone fold and its structure is governed
by side chain - backbone and side chain-side chain interactions (see Figure 5.20).
These different folding patterns result into small differences in the IR spectrum;
the free carboxylic C=O of the Z-cap (COZ) which can be found at 1740 cm−1
for EPR−Z1 and EPR−Z2 is slightly red shifted for EPR−Z4. On the other hand,
EPR−Z1 and EPR−Z2 show a strong band at 1595 cm−1 that is not observed
experimentally.
The small differences in both the 1000-1800 cm−1 spectrum as well as the
better agreement in the Amide A region, especially for the bands above 3400 cm−1
originating from the guanidine group, results in the assignment of Z-Glu-Pro-
Arg-NH2 to the EPR−Z4 conformer, exhibiting an A type salt bridge interaction, a
C10 backbone H-bond and a H-bond between backbone C=O and Arg side chain.
The zero-point energy of EPR−Z4 is 2.0 kcal/mol higher than the most stable
structure, but its Gibbs free energy is -1.0 kcal/mol lower, indicating that it is the
most stable one at room temperature. Considering the limited cooling of EPR
in the supersonic expansion, it is fairly reasonable that population of EPR−Z4
dominates in our measurement.
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Figure 5.20: Intramolecular interactions in theoretical optimized structures
EPR−Z1, Z2 and Z4
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5.4 Discussion
The assigned structures for Z-Glu-Ala-Arg-NH2, Z-Glu-Gly-Arg-NH2 and Z-Glu-
Pro-Arg-NH2 are shown in Figure 5.21. The occurrence of proton transfer from
the acidic side chain of Glu to the basic side chain of Arg is observed for all
the assigned structures, leading to generation of zwitterions in overall neutral
peptides. The alteration of the character of the center residue results in a different
backbone folding, side chain - backbone interactions, but also in different salt
bridge interactions.
Figure 5.21: Assigned structures and intramolecular interactions for Z-Glu-Ala-
Arg-NH2 (EAR, bottom panel), Z-Glu-Gly-Arg-NH2 (EGR, middle panel) and
Z-Glu-Pro-Arg-NH2 (EPR, top panel).
108
5.4 Discussion
The obtained results distinguish themselves from earlier results on the ana-
logues Z-Glu-(Ala)n-Arg-NHMe with n=0, 1 or 3.61 There we found that inde-
pendent of the spacer length (of Alanine residues) all conformers exhibit proton
transfer and an A type interaction and a C10 interaction of the peptide backbone,
although the increased flexibility makes the presence of a paired B type interac-
tion more likely. By changing the center spacer from Gly to Ala to Pro, we reduce
the flexibility, the folding possibilities and increase the steric hindrance resulting
from the increase of the size of amino acid side chain.
Glycine, the smallest and most compact amino acid, allows numerous pos-
sible interactions. Indeed, we have found five side chain-backbone interactions,
more than we have found for the other two peptides, resulting in a very compact
structure (see Figure 5.21). The lack of a distinct backbone fold for the glycine con-
taining peptide is not surprising, since its high conformational flexibility makes it
entropically unfavorable to adopt a relatively constrained folded structure. The
Glu-Arg side chains in EGR form a bifurcated salt bridge, where one Glu Oε
atom is hydrogen-bonded to the Arg Hε and Hη atoms and the other Oε atom is
hydrogen bonded to the peptide backbone NH groups. This type of interaction is
for example also found in ATPase184, indicating its importance in the stabilization
of proteins.
For the structure of EAR, a paired A-type salt bridge interaction is observed,
in which one Glu Oε atom is hydrogen-bonded to an Arg Hη atom and the
other Glu Oε atom is hydrogen-bonded to the Arg Hε atom. This interaction
was also observed in the assigned structures of Z-Glu-Alan-Arg-NHMe (n=0,
1, 3) and Ac-Glu-Ala-Phe-Ala-Arg-NHMe.48;61 The backbone of EAR exhibits a
C10 interaction resulting in a beta turn, in accordance with studies on Alanine
containing peptides, which show these peptides have the propensity to form 310
helices.48;149
Proline has the ability to disrupt peptide structure when incorporated into a
peptide such as in Z-Glu-Pro-Arg-NH2, since it can only act as a hydrogen bond
acceptor and therefore reduce the possible backbone interactions. Moreover, the
distinctive cyclic structure of its side chain gives Proline an exceptional conform-
ational rigidity compared to other amino acids. By using proline as the center
residue we expected to clear sets of calculated structures originating from the
combination of the Proline rigidity with either the cis or trans orientation of the
prolyl peptide bond. As can be seen from Table 5.3, we obtained a varied collec-
tion of salt bridge interactions with a 50/50 ratio of cis/trans isomers. The assigned
structure of EPR has a paired A type salt bridge interaction, a cis oriented prolyl
peptide bond and the backbone forms a C10 fold. The latter coincides with the
nature of Proline, which aids the formation of beta turns.
Due to the different center residue, there are not too many similarities between
the assigned structures of the studied peptides. Examining the energetics of
the calculated structures reveals that the energy difference between zwitterionic
and non-zwitterionic type in EPR (6.5 kcal/mol) is much smaller than that in
EGR(15.4 kcal/mol) and EAR (14.4 kcal/mol) (as can be seen in Table 5.4). Hence,
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Table 5.4: Lowest energy (kcal/mol) structures found for each conformational
type for Z-Glu-Ala-Arg-NH2, Z-Glu-Gly-Arg-NH2 and Z-Glu-Pro-Arg-NH2.
Conformational type
Zwitterionic Canonical Tautomeric
Z-Glu-Ala-Arg-NH2 0.00 14.40 17.68
Z-Glu-Gly-Arg-NH2 0.00 15.35 18.10
Z-Glu-Pro-Arg-NH2 0.00 6.47 7.75
the structures with proton transfer for EPR seem to be less favored energetically.
This is probably due to the higher rigidness of EPR peptide backbone, leading to
more strain and stress on the global structure during proton transfer. Even so, the
Coulomb attraction between the protonated Arg side chain and the deprotonated
Glu side chain is still strong enough to overcome the extra forces generated on
the backbone. Therefore, it is reasonable that structures with proton transfer are
observed for all the Z-Glu-Xxx-Arg-NH2 peptides studied here. The high basicity
of the Arginine side chain is of particular importance since replacing Arg by a
residue with a less basic side chain such as Lysine, does not result in proton
transfer.178
5.5 Conclusions
A conformational analysis has been performed for the overall neutral biomolecules
Z-Glu-Xxx-Arg-NH2 (Xxx= Gly, Ala or Pro) under isolated conditions. By com-
paring IR-UV ion dip measured spectra of investigated peptides to DFT calcu-
lated spectra, zwitterionic structures with high stability were assigned to all the
studied peptides independent of their center residue. For Z-Glu-Gly-Arg-NH2,
the assigned structure exhibits a bifurcated type (C? type) of salt bridge inter-
action where one carboxylic oxygen atom of the Glu side chain H-bonds to the
guanidine of Arg while the other H-bonds to backbone NH groups. In the as-
signed structure of Z-Glu-Ala-Arg-NH2, a paired type (A type) of interaction
between glutamic acid and arginine is found. Besides, a backbone H-bond C10
interaction between the C=O group of the Z-cap and the NH group of the Arg
residue, a dispersion interaction between the Arg side chain and the Z-cap, and
two H-bonds between backbone NH groups and side chain oxygen atoms were
also presented in the assigned structure. The conformer of Z-Glu-Pro-Arg-NH2
in the experiments can be assigned to the structure, which adopts the same type
of salt bridge interaction as that in Z-Glu-Ala-Arg-NH2. In addition, backbone
H-bonds C10 interactions and backbone-side chain interaction could also be ob-
served in assigned structures of Z-Glu-Pro-Arg-NH2 as well.
The three-dimensional structure of the peptides, resulting from the salt bridge
interaction, the backbone folds and side chain-backbone interactions, directly
reflects the propensity of the integrated center residue. However, the nature of the
center residue does not control whether proton transfer occurs, it only influences
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the type of salt bridge interaction. Generally, in the studied Glu-Xxx-Arg peptides
proton transfer occurs readily, leading to the formation of zwitterions in overall
neutral peptides under the controlled and isolated conditions of the molecular
beam environment.
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6 Exploring the catalyticmechanism
ofATPconversionat themolecular
level: Binding site recognition and
docking of ATP probed by Mass
Spectrometry
Abstract
Adenosine-5’-triphosphate (ATP) is a ubiquitous coenzyme ap-
pointed by nature to store and transport energy through the cell and
to transfer its energy to subsequent processes such as mechanical
motion or formation of high-energy chemical compounds. The re-
quired energy for these processes is obtained from the hydrolysis of
ATP, which is catalyzed by the protein ATP hydrolases (ATPases).
Although, the crystal structure and the working principle of numer-
ous ATP driven proteins are generally known and has been described
at a global level, this apparently simple ATP conversion reaction is
yet poorly understood at the level of local interactions. Questions
such as "Can we explain why ATP is selectively bound to the act-
ive sites of ATPases?" and "Why is the conversion of ATP to ADP
(cleavage of the β-γ phosphate bond) preferred over other reactions
at active site?" await detailed answers at the atomistic level. Here,
mass spectrometry (MS) based techniques are applied to answer these
questions. Under these controlled conditions, we have been able to
activate the ATP conversion reaction within the peptide environment.
Moreover, the MS based bottom-up approach provides us with the
desired level of detail providing information on the specificity and
strength of the nucleotide-peptide recognition. This paper shows that
ATP forms more stable hydrogen bonds with binding site peptide
mimics than other phosphorylated biomolecules do, indicating its
preferred binding. Furthermore, when the ATP into ADP conversion
is induced by activating the ATP-peptide complex, we observe that
the stable ADP-peptide complex is formed, directly illustrating the
nature’s hydrolysis pathways.
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6.1 Introduction
The nano-scale biomolecular motors, selected by nature to transfer chemical
energy into mechanical motion have an unprecedentedly high efficiency195–197,
and are regarded as fascinating systems. Structural characterization methods
such as nuclear magnetic resonance (NMR)198;199, X-ray diffraction (XRD)200–202,
fluorescent spectroscopy203–206, atomic force microscopy (AFM)207–209, etc., have
provided important insights on the molecular structure and functional mechan-
ism of biomolecular motors. The investigation on the membrane enzyme FoF1-
ATP synthase (FoF1-ATPase)200;205;209–214 has not only disentangled the global
motions and structures of this protein, but also the underlying mechanism of
fuel of energy in living organisms215–218. In addition, it brought inspiration for
designing artificial molecular motors219–221. Even though, several fundamental
principles are still unclear. Due to the complex environment required for AT-
Pases to properly perform their intrinsic functions, it turns out to be a great
challenge to fully characterize the interaction between this kind of enzyme and
their substrates on an atomistic level.
The X-ray crystallographic200;222;223, mutation224;225 and theoretical226 studies
suggest that only a few amino acid residues in most ATPases, as for example FoF1-
ATPase, are actually involved in binding ATP: glutamic acid (Glu), arginine (Arg)
and lysine (Lys), i.e., the so-called arginine finger226. A similar arginine finger is
also observed in GTP (guanosine triphosphate) driven proteins such as TBC do-
main GAPs,227 RasGAPs,228 etc. For our studies, the binding site will be mimicked
by those residues that actively bind ATP. To obtain detailed insight in the bind-
ing selectivity of ATP to the binding site, the stability of the complexes formed
by ATP and the binding site Arginine finger peptides is investigated.229–231 In
this paper, a mass spectrometry based approach is employed, i.e., the complex
of interest is brought into gas phase in ionized form and trapped for further
experimental interrogation. Through collision induced dissociation (CID) meas-
urements, relative binding affinities of various phosphorylated biomolecules to a
specific arginine finger peptide can be derived. Interestingly, under these water-
free conditions, the conversion of ATP-peptide complex to ADP-peptide complex
and an inorganic phosphate group still occurs (see Figure 6.1), suggesting that
the selected method provides an platform to study biologically relevant process.
The collision-induced dissociation technique, coupled with electrospray ion-
ization, has already proven to be a powerful tool to investigate biomolecular
complexes232–235. Here, employing this method, the underlying mechanism of
binding selectivity of ATP can be illustrated by exploring the relative binding
strength of relevant complexes. Moreover, the activation energy of conversion
of ATP-peptide to ADP-peptide is found to be lower than that of any other
uni-complex dissociation pathway, indicating that the suggested energetically
favourable β-γ phosphate bond dissociation process in biological environment is
also preferred by gas phase thermodynamics.
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Figure 6.1: CID mass spectrum of [ATP·cArg-2H]2− (m/z = 360, highlighted by
red), resulting in [ADP·cArg-H]− (orange, channel A), [ADP-H]− (green, channel
B) and [ATP-H]− (blue, channel C) by loss of [PO3]−, [cArg·PO3]− (dark blue) and
[cArg-H]− (purple), respectively. Above the MS the hypothetical pattern of bond
cleavage for each channel is shown.
6.2 Experimental methods
The arginine finger, present in many ATP and GTP driven proteins, is mim-
icked by the amino acid Arginine (abbreviated ’Arg’): the peptide Ac-Arg-NH2
(’cArg’), and Ac-Glu-Gly-Arg-NH2 (’cEGR’). Since arginine is the key residue
in the arginine finger, we start with the smallest possible mimic Arg, by cap-
ping the end termini in cArg, the protein environment will be better simulated
as now both amino and carboxyl groups participate in peptide bonds. cEGR
allows us to include a second dominant residue, namely Glutamic Acid (Glu)
inducing possible zwitterion forming of the peptide mimic.61;141 The chem-
ical structures of these peptides together with phosphorylated biomolecules
ATP, Adenosine-5’-diphosphate (ADP), Adenosine-5’-monophosphate (AMP),
Guanosine-5’-diphosphate (GTP) and Glucose-6-phosphate (G6P) are presented
in in their neutral state Scheme 6.1.
The experiments were performed using the Lyon quadrupole ion trap mass
spectrometer (LCQ Classic, Thermo Finnigan) with electrospray ionization (ESI)
source. The samples arginine (> 98% purity), ATP magnesium salt, ADP, AMP
monohydrate, GTP sodium salt hydrate and G6P sodium salt (> 95% purity)
were purchased from Sigma-Aldrich and were used without further purification.
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Scheme 6.1: Chemical structures of neutral phosphorylated biomolecules
a) Adenosine-5’-triphosphate (ATP), b) Guanosine-5’-diphosphate (GTP), c)
Adenosine-5’-diphosphate (ADP), d) Adenosine-5’-monophosphate (AMP), e)
Glucose-6-phosphate (G6P) and arginine finger mimics, f) Arginine (Arg), g)
Ac-Arg-NH2 (cArg), h) Ac-Glu-Gly-Arg-NH2 (cEGR).
The sample cArg was purchased from Bachem and cEGR was lab synthesized.
The complexes of interest were formed by dissolving the composing molecules
in a 1:1 (v:v) mixture of water and methanol at a concentration of approximately
100 µmol/L for each component.
The sample solution was injected into the ESI source using a syringe pump
at a flow rate of 4 µL/min with nitrogen as the sheath gas. The ionized gas-
phase complexes were transferred via a heated capillary, a set of ion lenses and
two focusing octapole ion guides to the quadrupole ion trap. Here the ions of
a specific m/z can be trapped by applying an AC voltage to the ring electrodes
and resonantly accelerated to collide with the helium buffer gas (10−2 Torr) by
adding an auxiliary AC voltage to the end electrodes. CID was performed on the
trapped ions of interest by applying an excitation AC voltage to the trap end caps
to induce collisions of the isolated ions with the helium buffer gas (10−2 Torr).
The Mathieu parameter (qz) of 0.25 was used by LCQ for resonance excitation
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and the voltage amplitude was varied between 0 and 2.5 V (zero-to-peak). The
detection efficiency is poor for lower m/z features. Mass spectra were recorded
from m/z 50-1000.
The primary data from the CID experiments are fractional abundances of the
parent and fragment ions as a function of the relative collision energy. Because of
the complexity of processes in ion traps105;106, such as the mass effect on collision
energy to internal energy conversion efficiency, it is not straightforward to convert
the experimental data (collision energy) into absolute bond energies. However,
in the software of Finnigan ion traps, the parameter normalized collision energy
(NCE)107, which is given as a percentage of a standard excitation amplitude,
is used. Within this value the mass of the parent ion is taken into account to
compensate for the mass effect on the internal energy of the resonantly excited
ion. Therefore, the relative stability of the selected ions can be compared by the
NCE required to start fragmentation.
6.3 Results and Discussion
6.3.1 ATP to ADP conversion mimic
All of the studied peptides Arg, cArg and cEGR are found to be able to bond to
ATP forming singly and doubly deprotonated complexes in the negative mode
ESI spectra. The intensities of these ions are high enough to conduct CID experi-
ments, the results of which are presented in Figure 6.2.
The main product for the dissociation of singly deprotonated complexes (see
Fig. 6.2a, 6.2c and 6.2e) is [ATP-H]− while a minor fraction of [ADP-H]− is detec-
ted. This indicates that the hydrogen bond interactions (H-bonds) between ATP
and the peptide are broken in the collisions and this is the lowest energy pathway.
For the doubly deprotonated complexes (see Fig. 6.2b, 6.2d and 6.2f), a common
dissociation scheme is shared upon collisional activation, as shown below:
[
ATP · Peptide − 2H]2− diss.−−−→ [ATP −H]− + [Peptide −H]− . (6.1)
where peptide represents the arginine finger binding site mimics. This path-
way 6.1 is the only observed fragmentation channel for the CID of both [ATP·Arg-
2H]2− and [ATP·cEGR-2H]2−. This suggests that in these doubly deprotonated
complexes the hydrogen bond interaction between ATP and the peptide mimic
is the weakest bond, resulting in the dissociation into the two individual molecu-
lar species forming the complex. However, two complementary pathways are
observed for the CID of [ATP·cArg-2H]2−, given by:
[
ATP · cArg − 2H]2− diss.−−−→ [ADP · cArg −H]− + [PO3]− . (6.2)
[
ATP · cArg − 2H]2− diss.−−−→ [ADP −H]− + [cArg ·PO3]− . (6.3)
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Figure 6.2:Collision induced dissociation mass spectra of a) [ATP·Arg-H]− (m/z =
680), b) [ATP·Arg-2H]2− (m/z = 339.5), c) [ATP·cArg-H]− (m/z = 721), d) [ATP·cArg-
2H]2− (m/z = 360), e) [ATP·cEGR-H]− (m/z = 907) and f) [ATP·cEGR-2H]2− (m/z
= 453). The precursor ions, i.e. ATP-peptide complex ions are highlighted by
red and the fragment ions are highlighted by the following schemes: [ATP-H]−
(blue), [ADP-H]− (green), [ADP·cArg-H]− (orange), peptide ion (purple), and
ions related to phosphate group (dark green).
In both channels cleavage of the PβO3-PγO3 bond occurs, the key step in
the hydrolysis of ATP. Especially the formation of [ADP·cArg-H]− proves that
ADP-peptide complex, the intermediate of ATP hydrolysis in biology, can be
observed under this water-free condition. The formation of both [ADP·cArg-H]−
and [ADP-H]− indicates that cArg can binds to either the β-phosphate of ATP or
the γ-phosphate or to both simultaneously (see Fig. 6.1). Hence, cArg seems to
be an effective mimic to interact with ATP and induce ATP conversion into ADP.
This PβO3-PγO3 bond breaking is only observed for [ATP·cArg-2H]2−. We
observe that this reaction requires the highest collision energy to fragment 50%
amount of presursor ion (see Fig. 6.3a, dianion series). Here, the hydrogen bonds
between ATP and cArg in [ATP·cArg-2H]2− are strong enough to compete with
the dissociation of the phosphate bond, resulting in several simultaneous dis-
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sociation pathways during CID of this doubly deprotonated complex. For the
more stable singly deprotonated complexes (see Fig. 6.3a, anion series), the dis-
sociation channel in which bond fission of phosphate bond takes place is not
observed,indicating that PβO3-PγO3 is more stable than H-bonds between ATP
and a peptide in the singly deprotonated complexes. Here, the observed altered
relative stability of phosphate bond and the hydrogen bonds in singly and doubly
deprotonated complexes possibly results from their different number of charges.
The negative phosphate group attracts hydrogen from amide group of cArg side
chain more intensely than neutral phosphate group does, which makes the H-
bond formed between deprotonated phosphate group and cArg more stable.
Hence, the H-bond in doubly deprotonated complex are expected to be stronger
than that in singly deprotonated complex. Considering the general bond energy
of the PβO3-PγO3 bond (30.5 kJ/mol)236 and that of the NH· · ·O H-bond (16.8-
25.2 kJ/mol)237, it is likely that the above described charge effect in the doubly
deprotonated complex increases the strength of H-bond. Thereby allowing frag-
mentation into [ADP·cArg-H]− and [PO3]−. However, it should be notice that the
occurrence of a pathway depends on not only bond energy, but on the energy bar-
rier as well. Because of the coulomb repulsion effect in the doubly deprotonated
complex, the energy barrier for cleavage of PβO3-PγO3 bond will be lower for the
doubly deprotonated complex than for the singly deprotonated complex. As a
result, during collision activation of [ATP·cArg-2H]2−, three simultaneous frag-
mentation channels are observed, in which both phosphate bond and H-bonds
can be broken. Beside the two dissociation pathways resulting in [ATP-H]− or
[ADP·cArg-H]− a third dissociation pathway is observed. This involves the fis-
sion of the phosphate bond as well, however and leads to formation of [ADP-H]−
and [cArg·PO3]−. This is a very interesting process as ADP resulting from the con-
version of ATP-peptide complex into ADP and PO3-peptide, is observed here,
which is the final product of ATP hydrolysis in nature. Although in proteins the
production of ADP results from the dissociation of the intermediate ADP-Peptide
complex, this channel indicates that under our experimental conditions ATP can
be directly converted to ADP without the process to form an intermediate. How-
ever, based on the relative activation energy of relevant processes (see Table 6.1),
the dissociation channel to form [ADP·cArg-H]− is much preferred than that
to [ADP-H]−, which may partially account for the generation of ADP-Peptide
complex in hydrolysis of ATP in nature.
6.3.2 Binding selectivity of ATPase towards ATP
Since ATP is effectively converted to ADP in the [ATP·cArg-2H]2− complex, we
have selected the cArg peptide to study the binding selectivity of ATP with respect
to other phosphorylated biomolecules (PhBi). The ion survival yield of cArg-PhBi
complexes as a function of relative collision energy in the CID experiments is
shown in Figure 6.3.
It can be seen that the energy required to dissociate 50% of the precursor ionic
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Figure 6.3: Ion survival yield of complexes formed by a) ATP with Arg, cArg or
cEGR, b) cArg with ATP, ADP, AMP, GTP or G6P as a function of normalized
collision energy (NCE,the factor determines the ion internal energy converted
from collisional energy independent of m/z of parent ion) in CID experiments.
The curves are fitted using sigmoid functions108.
complex is significantly higher for the singly deprotonated complexes [ATP·cArg-
H]− and [GTP·cArg-H]−. This observation is consistent with both ATP and GTP
containing three phosphate groups. These two molecules are able to form more
H-bonds with cArg than the other phosphorylated biomolecules. This assump-
tion is verified by the decreased energy order to dissociate 50% amount of initial
[ADP·cArg-H]−, [AMP·cArg-H]− and [G6P·cArg-H]−, respectively. Moreover, ex-
amining the x-ray structures in the protein data bank show that in many proteins
three H-bonds are formed between ATP and the Arginine residue while forma-
tion of only one or two H-bonds is preferred when ADP interacts with Arginine
residue of proteins.213;238–241
The doubly deprotonated complexes [ATP·cArg-2H]2− and [GTP·cArg-2H]2−
(other cArg-PhBi dianions are not observed in the mass spectra) are found to be
less stable upon collision induced dissociation than the associated singly depro-
tonated complexes. The reduced stability of the doubly deprotonated complexes
may find its origin in the Coulomb repulsion between the two negatively charged
sites in the doubly deprotonated complexes, which lowers the threshold of this
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pathway.242 Overall, ATP and GTP have higher binding affinities for cArg (the ef-
fective binding site mimic of ATPases) than other phosphorylated biomolecules,
indicating the binding preference of ATPases (GTPases) to ATP (GTP). This is
probably one of the reasons why ATP can be selectively recognized in the com-
plex biological environment by ATPases.
6.3.3 ATP to ADP conversion mechanism
Although ATP is selectively recognized by ATP converting proteins via the form-
ation of multiple hydrogen bonds, three different dissociation channels are ob-
served in the CID of [ATP·cArg-2H]2−, as can be seen from time-resolved CID MS
in Figure 6.4. According to the hypothetical mechanism of bond fragmentation
as shown in Figure 6.1, the formation of [ADP·cArg-H]− and [PO3]− (Channel
A) results from the cleavage of PβO3-PγO3 bond and the cArg· · ·γ-phosphate
group hydrogen bond. Breaking of PβO3-PγO3 bond and the cArg· · · β-phosphate
group hydrogen bond generates [ADP-H]− and [cArg·PO3]− (Channel B). In chan-
nel C two hydrogen bonds are broken, leading to production of [ADP-H]− and
[cArg-H]−. In order to address the question "Which process is favored by thermo-
dynamics?", an energy-dependent kinetic method109 is employed here to acquire
the relative activation energies of these fragmentation channels.
Figure 6.4: [ATP·cArg-2H]2− fragmentation followed by increasing collision time
at 12% NCE.
Central to this kinetic method are measurements of the rates, k j, for the form-
ation of fragment j. The rates of fragment formation can be determined by meas-
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uring both the parent as the fragment intensities as a function of the collisional
activation time (see Fig. 6.5a). It can be seen that the abundance of [ADP·cArg-
H]− is the highest, followed by that of [ADP-H]− and the [ATP-H]− fragment
has the lowest abundance. Therefore, we can conclude that the formation of
[ADP·cArg-H]− is favored from the aspect of bond dissociation energy.
Figure 6.5: a) Relative abundances of parent and fragment ions as a function of
activation time with 12% NCE, b) Kinetic plots of and fragment ions as a function
of activation time with 12% NCE; the slopes of the fitted lines correspond to
the rate constants of consuming (producing) precursor (fragment) ions. C) Rate
constants of various dissociation channels as a function of the rate constant of
producing [ATP-H]−.
In an ion trap only the ion with a specific m/z can be resonantly accelerated
and thereby collide with the buffer gas. All induced dissociation processes follow
first-order kinetics, where the intensity of the parent ion of interest Iparent is given
as a function of collision time t by
Iparent(t) = I0 exp
(
−kparentt
)
(6.4)
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where I0 is the parent intensity without collisional activation. The fragment in-
tensities I j are given by
I j(t) =
k j
kparent
[
I0 − Iparent(t)
]
. (6.5)
From Equations 6.4 and 6.5, it can be deduced that plots of −ln
[
Iparent(t)/I0
]
and
I j(t) ln
[
Iparent(t)/I0
]
/
[
Iparent(t) − I0
]
versus t should yield straight lines with slopes
equal to kparent and k j, respectively.
Figure 6.5b shows the kinetic plots constructed from the plots in Figure 6.5a.
The slopes of the least-squares fitted straight lines are the rate constants cor-
responding to the dissociation of parent ion or the formation of fragment ions.
The same analysis was performed at a set of values of NCE ranging from 8% to
25%. Hence a series of rate constants was obtained as a function of NCE. Based
on Arrhenius’ law, it is known that the activation energy Eact of a dissociation
channel can be determined by measuring its rate constant k as a function of the
effective temperature. However, the effective temperature increases with increas-
ing NCE and cannot be controlled directly. A second fragmentation process has to
be selected as a reference to eliminate the factor of effective temperature. Plotting
lnk1 versus lnk2 (as shown in Equation 6.6) will yield a straight line with slope
Eact,1/Eact,2, 2, i.e. the activation energy of dissociation channel 1 relative to the
activation energy of channel 2.
ln k1 = ln A1 − Eact,1Eact,2 ln A2 +
Eact,1
Eact,2
ln k2. (6.6)
The direct dissociation pathway (3), which result in the formation of [ATP-
H]−, has been used as a reference, i.e. its activation energy was set to 1. The natural
logarithms of all rate constants were plotted against the natural logarithm of the
rate constant of forming [ATP-H]−, which is shown in Figure 6.5c. The slopes of
the least-squares fitted straight lines correspond to the relative activation energies
of the fragmentation processes and are presented in Table 6.1.
Table 6.1: Activation energies of competing fragmentation processes from
[ATP·cArg-2H]2− relative to the activation energy of [ATP-H]− formation.
Ions of complexes CID fragments Activation Energy
[ATP·cArg-2H]2− [ATP-H]− 1 (reference)
[ADP-H]− 1.08 ± 0.02
[ADP·cArg-H]− 0.72 ± 0.02
It can be seen that formation of [ADP·cArg-H]− has the lowest energy barrier
of the investigated dissociation channels. The activation energy of the forma-
tion of [ADP-H]− and [ATP-H]− is very close. Nevertheless, according to the
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above described hypothetical fragmentation mechanism of [ATP·cArg-2H]2−,
one should expect a similar energy barrier for the dissociation channels that
produce [ADP·cArg-H]− and [ADP-H]−, since both channels involve breaking of
the same PβO3-PγO3 bond and a cArg· · ·phosphate group H-bond. The discrep-
ancy probably reflects the difference in the stability of the dissociation products,
i.e., [ADP·cArg-H]− should be more stable than [ADP-H]−. This can easily be
explained considering the structure of the [ADP·cArg-H]− complex, where the
negative charge on ADP is stabilized by forming a complex with a proton donor,
such as cArg. Moreover, considering the similar stability of [ATP-H]− and [ADP-
H]− 242, it is not surprising to see that the activation energy of the dissociation
channel resulting in [ATP-H]− is very close to that of [ADP-H]−.
The here obtained relative activation energies can directly be connected to the
general knowledge of ATP hydrolysis in biological environment. It is known that
the hydrolysis of ATP, does not occur spontaneously indicative of a high energy
barrier for this reaction. This energy barrier is strongly reduced when ATP binds
to the binding site or hydrolase. The cleavage of PβO3-PγO3 bond results in the
production of the transient ADP-enzyme complex. It is interesting that in the hy-
drolysis of ATP, the formation of ADP-enzyme complex is preferred above that
of generating free ADP. This observation may be partially because of the lower
energy barrier in forming intermediate ADP-Peptide complex, which can be seen
from the lowest activation energy of dissociation channel to [ADP·cArg-H]− in
the CID of [ATP·cArg-2H]2−. However, in nature breaking of the bond between
ADP and peptide occurs immediately after the formation of ADP-peptide inter-
mediate, which releases ADP. This is not observed in our experiments as CID is
a resonant process in which only the selected ion [ATP·cArg-2H]2− is resonantly
accelerated to collide with buffer gas while the produced fragment ions including
[ADP·cArg-H]− will be trapped without any further collisions. Therefore, from a
thermodynamic viewpoint, it can be concluded that nature favors the formation
of a stable intermediate ADP-enzyme complex in hydrolysis of ATP.
Since has the lowest activation energy in the CID of ATP-cArg complex, it
is also possible that formation of intermediate ADP-Peptide complex is because
of its lower energy barrier than that of producing ADP directly; Besides, since
CID in ion trap is a resonant process, only the selected ion [ATP·cArg-2H]2− is
resonantly accelerated to collide with buffer gas while the produced fragment
ions including [ADP·cArg-H]− will be trapped without any further collision.
6.4 Conclusions
ESI-MS coupled with collision induced dissociation technique was employed to
study the complexes formed between phosphorylated biomolecule ATP, ADP,
AMP, GTP or G6P and ATPases active site mimic peptides Arg, cArg and cEGR.
The binding selectivity of ATPases towards ATP has been investigated by the
relative stability of various complexes, while the relative activation energy in
the CID of a specific complex reveals the preferred process in the ATP to ADP
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conversion. This method makes it possible to mimic the ATP to ADP conversion
reaction even under the water-free conditions of our experiment. Collisional
induced activation of the ATP-peptide complex ([ATP·cArg-2H]2−) generates both
the complex [ADP·cArg-H]− and [PO3]−.
CID experiments of the ionic complexes of cArg with various phosphrated bio-
molecules reveal that ATP and GTP bind more strongly to the selected argininge
finger binding site peptides than other phosphrylated biomolecules. As the effect
of nucleoside is not considered here, it is reasonable to see a similar binding
strength of GTP-peptide complex to that of ATP-peptide complex. The strong in-
teractions between the phosphate groups and the arginine finger peptides is one
of the reasons why ATPases selectively bind to ATP in nature (other reasons may
include such as binding preference of ATPases to Adenosine, etc.). Furthermore,
an energy-dependent kinetic method is used to investigate the preferred dissoci-
ation pathway when activating the ATP-peptide complex [ATP·cArg-2H]2−. The
mass spectrum of this complex show three competing fragmentation channels,
of which the ATP-to-ADP conversion channel producing [ADP·cArg-H]− has the
lowest activation energy. This agrees well with the ATP hydrolysis reaction in
nature, forming the ADP-enzyme complex. These experiments are a first, but
important, step towards a detailed illustration of the ATP hydrolysis mechanism
at the active site of ATPases at the molecular level, and thereby starting to bridge
he gap between global and atomic scale. Ultimately it will provide more insight
into this fascinating system.
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7 Summary
The research described in this thesis focuses on 3-dimensional structure determ-
ination of small biomolecules with the goal of unfolding and visualizing relevant
molecular interactions. An IR-UV double resonance spectroscopy technique to-
gether with a DFT based computational tool is employed to explore the structural
preferences and intramolecular interactions of several small peptides, the build-
ing blocks of vital biomolecules, i.e. proteins. Compared with technologies used
routinely in the laboratory for structure characterization, such as XRD, NMR,
IR absorption spectroscopy, etc., the novel IR-UV ion dip spectroscopic method
offers the following advantages: 1) It has a fast and simple sample preparation
process (the powder of molecule of interest is mixed with matrix graphite powder
and attached on the surface of a sample bar for laser desorption sampling or
directly used without any pre-treatment for heating sampling) 2) Intrinsic prop-
erties of the sample are acquired without any external interference (the sample
molecules are brought into gas phase and cooled through supersonic expan-
sion in a pulsed molecular beam) 3) The spectroscopic measurement is mass
and conformer selective (The high resolution spectra of isolated molecules with
temperatures of only a few tens of Kelvins enables distinction of coexisting con-
formers, and time-of-flight analysis allows specific detection at the investigated
ion mass) 4) The action way to obtain IR absorption spectra (monitoring UV RE-
MPI signal as a function of the wavelength of precedent IR beam) makes this ion
dip spectroscopy much more sensitive than direct absorption technique. By com-
paring the experimental obtained conformer-specific IR spectra with the spectra
calculated using DFT, structure can be assigned to each conformer. In this way,
the intramolecular interactions which play an important role in the formation of
the 3-dimensional structure can be recovered from the DFT calculations.
Conformer-specific measurements require highly resolved spectra. Therefore,
it is crucial that the internal temperature of molecules of interest should be very
low (∼ tens of Kelvins). Laser desorption or thermal heating normally produces
a vapor at several hundred Kelvins, which makes cooling afterwards necessary.
Pulsed molecular beam technique, in which a static high pressure (a few bars)
gas is expanded into a vacuum chamber through a small nozzle (the diameter
of which is ∼ 0.2 - 1 mm), is found to be able to generate very cold molecules.
In chapter 3, we introduce the design and operation of a new home-built valve
baptized the Nijmegen Pulsed Valve (NPV). The NPV operation is based on the
Lorentz force created by a pulsed current passing through an aluminum strip
located in the presence of a magnetic field, which opens the nozzle periodically.
It is found that NPV is able to produce a short (down to 20 µs) and rotationally
cold (∼ 1K rotational temperature) pulsed molecular beam with very high density.
Apart from these characteristics, NPV is conceptually simple, easy to build and
robust in operation, making itself in near future a very promising and competitive
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molecular beam source.
In the structures of biomolecules, which were characterized, the intramolecu-
lar hydrogen bond is present between many groups and has great importance in
the stabilization of peptide structure. In chapter 4, we report a conformational
analysis for two very similar dipeptides Ac-Phe-Ser-NH2 (FS)(Ser side chain:
CH2OH) and Ac-Phe-Cys-NH2 (FC)(Cys side chain: CH2SH) using IR-UV ion
dip spectroscopy. The effect of the difference in hydrogen bonding for an OH
and SH group and consequences for the secondary structure is probed by this
subtle side chain alternation. Experimentally, a conformer with βL-γL backbone
(C5-C7 hydrogen bonds) structure was observed for both FS and FC. Within
this conformer, a side chain involved hydrogen bond S(O)H· · ·O=C as well as a
dispersive interaction S(O)H-pi also contribute to the stabilization of the formed
structure. A 2nd conformer was found for FC, the backbone structure of which
is in type of β-turn (C10 hydrogen bond). In short, intramolecular interactions
including both hydrogen bonds and dispersion interactions are found to play an
important role in the stabilization of the conformational structures. Apart from
hydrogen bonds and dispersive interactions, another type of intramolecular in-
teraction often influences the 3-dimensional structures of biomolecules, namely
the salt bridge. As the strongest non-covalent interaction, this electrostatic force
occurs between opposite charges, for instance a positively charged guanidine side
chain of arginine and a negatively charged carboxylic acid side chain of glutamic
acid. This type of interaction is often observed in solution as water or other polar
solvent molecules support the occurrence of proton transfer and stable the charge
separation, which is a prerequisite for salt bridge interaction. However, in gas
phase, there is not any solvent effect. Whether can the salt bridge still be formed if
the charges stay in each other’s vicinity? In Chapter 5, a conformational analysis
has been performed for the overall neutral biomolecules Z-Glu-Xxx-Arg-NH2
(Xxx= Gly, Ala or Pro) under the controlled and isolated conditions of the mo-
lecular beam environment. The selected peptides allow us to study the effect of
flexibility of peptide backbones on possible zwitterion formation, ranging from
small and compact (Gly, Ala) to the rigid Pro residue. Generally, in the studied
gas phase Glu-Xxx-Arg peptides proton transfer occurs readily, leading to the
formation of zwitterions in the overall neutral peptides.
As can be seen from the applications described in chapter 4 and 5, IR-UV
double resonance ion dip spectroscopy is a very powerful method for struc-
ture determination. However, it requires a UV chromophore to be part of the
molecules so that the UV REMPI scheme can be applied. Furthermore, cold mo-
lecules are needed in order to obtain highly resolved spectra. Although at present
this technique is limited to small biomolecules such as peptides containing up to
15 amino acid residues, with the development of relevant techniques for instance
ultra-short pulse laser desorption, low temperature molecular beam, VUV ion-
ization etc., it will be very promising to be applied in biomacromolecules in the
near future. Intramolecular interactions are uncovered once the 3-dimensional
structure of the molecule is known. However, for complex systems, structure
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determinations are not always feasible. Is it possible to probe the molecular in-
teractions for instance the strength of a complex bond under this condition? In
chapter 6, an ESI ion trap mass spectrometry together with a collision induced
dissociation (CID) technique was employed to study ATP hydrolysis by small
mimics of the active sites of ATPases. Based on the derived phenomenological
binding energies from CID measurements, ATP is found to bind stronger than
other phosphorylated biomolecules at the active site mimics of ATPases, in-
dicating that ATP can be selectively recognized. In addition, by employing an
energy-dependent kinetic method, the activation energy of hydrolysis-like reac-
tion is found to be lower than that of any other reaction pathway once ATP binds
to an appropriate active site mimic of ATPases. This shows that ATP hydrolysis
reaction should be the one nature prefers. These experiments are the first steps
towards a detailed description of the mechanism of ATP hydrolysis at the atomic
level which should provide more insight into this fascinating system.
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Het onderzoek dat in deze dissertatie beschreven is draait om het bepalen van
de 3-dimensionale structuur van kleine biomoleculen, met als doel om de rel-
evante moleculaire interacties te visualiseren en begrijpen. Een IR-UV dubbel
resonante spectroscopie techniek wordt toegepast samen met DFT berekeningen
om de structurele voorkeuren en intramoleculaire interacties van kleine peptiden
te verkennen, de bouwblokken van belangrijke biomoleculen zoals eiwitten. In
vergelijking met veelgebruikte experimentele methoden zoals XRD, NMR en IR
absorptie spectroscopie, biedt IR-UV ion dip spectroscopie de volgende voor-
delen: 1) De techniek is snel en kent een eenvoudige preparatietechniek (het
moleculaire poeder wordt vermengd met grafiet poeder en gebonden aan het
oppervlak van een grafieten staaf voor laser desorptie, of het moleculaire poeder
wordt direct gebruikt zonder verdere behandeling in een verwarmbare bron). 2)
We bestuderen de moleculen in de gasfase en na koeling tot temperaturen van
ongeveer 10 Kelvin, waardoor er geen interferentie is door vreemde moleculen
en ons hele monster bestaat uit bijna identieke moleculen (de rotatietoestand
en conformatie kan nog verschillen). 3) De spectroscopische methode is zowel
massa- als conformeer selectief (De hoge resolutie spectra van geïsoleerde en
gekoelde moleculen maken het mogelijk onderscheid te maken tussen verschil-
lende conformeren (ruimtelijke structuren verschillen) in dezelfde bundel, en de
analyse van de vluchttijd van de moleculen maakt het mogelijk om enkel de
ionen die van belang zijn te volgen). 4) Door actie spectroscopie toe te passen om
IR spectra te meten (oftewel het meten van het UV REMPI signaal als functie van
de golflengte van het voorgaande IR licht) kunnen er veel gevoeligere metingen
worden gedaan dan met directe absorptie spectroscopie. Door de experimentele,
conformeer-specifieke spectra te vergelijken met de spectra die volgen uit DFT
berekeningen kunnen we structuren toewijzen aan elk gemeten conformeer. Op
deze manier kunnen de intramoleculaire interacties die een belangrijke rol spelen
in de vorming van de 3-dimensionale structuur uit de DFT berekening gehaald
worden.
Voor het uitvoeren van conformeer specifieke metingen zijn goed opgeloste
spectra nodig. Het is daarom cruciaal dat de interne temperatuur van de te meten
moleculen erg laag is (ordegrootte 10 K). Zowel met laser desorptie als met nor-
male verdamping wordt een damp van enkele honderden Kelvin gevormd, dus
koeling is in beide gevallen noodzakelijk. Het gebruik van een gepulseerde klep,
waarbij gas van een hoge druk (enkele Bar) het vacuüm in wordt geëxpandeerd
door een kleine opening (met een diameter van 0.2 tot 1 mm), maakt het mogelijk
om zeer koude moleculen te produceren. Na een inleiding in het veld en de exper-
imentele techniek in de hoofdstukken 1 en 2 wordt in hoofdstuk 3 het ontwerp
en de werking van een nieuwe gepulseerde klep gepresenteerd, de Nijmegen
Pulsed Valve (NPV). De werking van de NPV is gebaseerd op de Lorentz kracht
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ten gevolge van een gepulseerde stroom door een strook aluminium in een mag-
neetveld, die de klep periodiek opent. Uit ons onderzoek is gebleken dat de NPV
zeer korte (tot wel 20 µs) en rotationeel koude (ongeveer 1 K rotationele temper-
atuur) gaspulsen kan produceren met een hoge gas dichtheid. Naast deze goede
eigenschappen is het concept van de NPV simpel, is de klep makkelijk te bouwen
en bovendien robuust. Vandaar dat de NPV een veelbelovende moleculaire bron
is die in de nabije toekomst al competetief zal zijn.
Biomoleculen kennen verschillende interacties. De meest duidelijke zijn de
chemische bindingen tussen atomen en die de primaire structuur van moleculen
stabiliseren. De waterstofbrug en de dispersieve krachten tussen groepen zijn
veel zwakker, maar zijn wel in staat om de moleculen te verbuigen en van struc-
tuur te laten wijzigen bijvoorbeeld gedurende hun reacties in een cel. In hoofd-
stuk 4 presenteren we onze analyse van de conformeren van twee vergelijkbare
dipeptiden (peptiden bestaande uit twee aminozuren), namelijk Ac-Phe-Ser-NH2
(FS)(Ser zijketen: CH2OH) en Ac-Phe-Cys-NH2 (FC)(Cys zijketen: CH2SH), uitge-
voerd door middel van IR-UV ion dip spectroscopie. Op deze wijze meten we het
effect van de subtiele verschilen tussen deze twee zijgroepen, een zuurstofatoom
in Ser en een zwavelatoom in Cys. Chemisch hebben deze twee atomen grote
overeenkomsten. Zwavel is echter wat groter en de waterstofbrug is zwakker bij
zwavel. Uit de experimenten blijkt dat zowel FC als FS een stabiele conformeer
vertonen met een βL-γL skelet structuur (C5-C7 waterstofbruggen). Bij deze con-
formeer dragen zowel een waterstofbrug van de zijgroep S(O)H· · ·O=C als een
dispersie interactie S(O)H-pi bij aan de stabiliteit van de gevormde structuur.
Voor FC is er bovendien een tweede conformeer gevonden, waarin het skelet in
een β-turn gevouwen is (C10 waterstofbrug). In het kort kunnen we zeggen dat
intramoleculaire interacties zoals waterstofbruggen en dispersie interacties een
belangrijke rol spelen in de stabilisatie van de structuur van conformeren.
Buiten de waterstof brug en de dispersie interactie is er nog een type in-
tramoleculaire interactie die vaak de 3-dimensionale structuur van biomolecu-
len beïnvloedt, namelijk de zoutbrug. Deze electrostatische kracht - de sterkste
niet-covalente interactie - treedt op tussen tegengesteld geladen groepen zoals
de positief geladen zijgroep van arginine en de negatief geladen zijgroep van
glutaminezuur. Dit type interactie wordt vaak gezien in een oplossing aangezien
water en andere polaire oplosmiddelen proton overdracht makkelijker maken en
bovendien de gescheiden ladingen kunnen stabiliseren, wat een vereiste is voor
de zoutbrug interactie. In de gas fase is er echter geen stabiliserend effect van
een oplosmiddel. Is het dan alsnog mogelijk om een zoutbrug te vormen als de
ladingen dichtbij elkaar verblijven? In hoofdstuk 5 is een analyse van de conform-
eren van de neutrale (ongeladen) biomoleculen Z-Glu-Xxx-Arg-NH2 (Xxx= Gly,
Ala of Pro) uitgevoerd onder de gecontroleerde en geïsoleerde omstandigheden
van de moleculaire bundel. Deze selectie van peptides zorgt ervoor dat we het
effect van de flexibiliteit van het peptide skelet op de vorming van zwitterionen
kunnen bestuderen, met kleine en compacte aminozuren zoals Gly en Ala tot het
stijvere Proline. In het algemeen treedt proton overdracht redelijk gemakkelijk
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op voor de Z-Glu-Xxx-Arg-NH2 peptide moleculen in de gas fase, wat leidt tot
de aanwezigheid van zwitterionen in de netto ongeladen peptiden.
Zoals te zien is in hoofdstukken 4 en 5 is IR-UV dubbel resonantie ion dip
spectroscopie een zeer krachtige techniek voor het bepalen van de structuur van
moleculen. Er is echter wel altijd een UV chromophoor nodig in het te meten
molecuul zodat REMPI spectroscopie mogelijk is. Bovendien is het noodzakelijk
dat de moleculen effectief gekoeld worden zodat goed opgeloste spectra kunnen
worden gemeten. Hoewel deze techniek momenteel beperkt is tot kleine bio-
moleculen zoals peptiden met maximaal 15 aminozuren, worden er momenteel
vele nieuwe technieken ontwikkeld, zoals ultrasnelle laser desorptie, moleculaire
bundels met nog lagere temperatuur en VUV ionisatie, om dubbel resonantie
spectroscopie toe te passen op bio-macromoleculen.
De eigenschappen van de intramoleculaire interacties worden duidelijk zodra
de 3-dimensionale structuur van het gehele molecuul duidelijk wordt. Voor som-
mige complexe systemen is het echter niet mogelijk om de structuur in detail
te bepalen. Structuur van moleculen is één aspect van het functioneren van bio-
moleculen. Een ander en belangrijk aspect is het binden en loslaten van substraten
in enzymatische reacties. Eén van de belangrijkste reacties is de hydrolyse en de
vorming van adenosine trifosfaat (ATP), de energiedrager in ons lichaam. In
hoofdstuk 6 wordt een ESI ionenval massaspectrometer samen met een botsing
geinduceerde dissociatie (CID) techniek toegepast om de hydrolyse van ATP
door kleine model-moleculen van het actieve centrum van het ATP-ase enzym te
bestuderen. Variatie van de botsingsenergie en het volgen van de massa van de
ionen maakt het mogelijk vast te stellen wat de bindingsenergieën zijn van ATP
en ADP. Het blijkt dat ATP sterker bindt aan het actieve centrum van ATPase
model systemen dan andere gefosforyleerde biomoleculen. ATP kan dus selectief
worden herkend. Tegelijkertijd is ook aangetoond dat de activeringsenergie voor
hydrolyse en ADP vorming de laagste is van alle mogelijk reacties, hetgeen laat
zien dat ATP hydrolyse de voorkeursreactie is van de natuur. Deze experimenten
zijn de eerste stappen in de richting van een gedetailleerde beschrijving van het
mechanisme van de hydrolyse van ATP op atomair niveau en naar een antwoord
op de vraag welke eigenschap van chemische reacties de natuur gebruikt om te
voorkomen dat interne energie van ATP verloren gaat in warmte en om te zorgen
dat de potentiële energie van ATP terecht komt in energie-kostende reacties zoals
beweging en groei.
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